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ENGLISH SUMMARY 
 
 
 
 
 
When compared to metals, composite materials exhibit some interesting 
advantages as for instance, a higher stiffness-to-weight ratio and excellent 
corrosion resistance. However, during operation, composites show several damage 
mechanisms which can interact with each other leading to failures often difficult to 
predict. This imposes designers to use larger safety factors, hence not exploiting 
the material properties to the fullest. In addition, because of the specific 
production process of composites, namely the combination of resin and 
reinforcements and the cure cycle (exotherm reaction in the case of thermosets), 
often high and unwanted residual stresses occur. For example, for large composite 
components (i.e. aircraft wings or fuselage, wind turbine blades, boat hulls), the 
cure degree can vary considerably throughout the composite laminate, because of 
the local mould heating and the variable laminate thickness. Therefore, having an 
in-situ production monitoring technique is of utmost importance. Another 
advantage of composites is that they allow for integration of sensors during their 
production, which can then be used throughout the whole component lifecycle in 
order to gain useful information. I.e. sensors can be used during production to 
improve the production process, during pre-testing phase they can be exploited in 
order to optimize the design and during Operation and Maintenance (O&M) they 
can be used to support maintenance decisions.  
 
Amongst these sensors, optical ones are good candidates to be embedded 
in composites, because of their relatively small size (i.e. 200 µm), their immunity to 
electromagnetic fields and their multiplexing capability. The advantages of 
embedding the sensors, over the alternative of gluing them on the component’s 
surface, are certainly the possibility of sensing the strain arising from 
polymerisation inside the composite and the opportunity of protecting them from 
the often harsh environment in which composites are used. Only for the 
polymerisation degree, electrical sensors based on planar capacitors are chosen 
because of their accuracy and their multiplexing option. 
 
However, questions arise when these sensors are embedded in a 
composite layup, e.g. what is the distortion created by the sensor in the 
surrounding composite layers? Will this distortion affect the structural integrity 
of the composite? Is the sensed strain an artefact caused by the presence of the 
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sensor itself? In addition, when embedding fibre optics in composites, one should 
think on how to exit the laminate in the safest possible way. In this research, these 
questions were addressed via an experimental approach, where sensors were 
embedded in composite laminates and their interaction was assessed. The sensor 
technologies treated in this dissertation are the following: 
 
- Interdigital capacitive sensors (IDS), employed for cure monitoring of 
composite production processes.  
- Optical Fibre Bragg Grating (FBG), technology to monitor strain during 
composite production and in-operation. 
- Polymer Waveguide (PWG), freestanding foil sensors also based on Bragg 
grating for strain and temperature sensing. 
 
A cost-effective IDS sensor network (i.e. capacitor sensor network) with 
integrated temperature sensors was developed in this research by UGent-CMST 
(Centre for Micro System Technologies, Ghent University, Ghent, Belgium). Its 
relatively thin design (i.e. 300 µm thick) and the possibility of stretching the sensors 
over a curved surface (i.e. IDS sensor islands were interconnected by meander-
shaped stretchable interconnects) allowed adopting the technology for cure 
monitoring of industrial composite components. The sensor network was used in 
combination with a low-cost compact readout unit (Arduino®). To the author’s best 
knowledge, no one has ever developed a low-cost IDS sensor network system 
before (i.e. ≈500€ for a 16 IDS sensor network). 
   
In order to assess residual strains arising during production, fibre optics 
were used. The main objective of the research was combining these two 
measurement techniques and gain information over the cure degree of 
thermosetting polymers. A complete characterization of a two component epoxy 
resin system was performed. The influence of the amount of exothermic reaction 
on the curing rate was investigated. Higher resin quantities or higher curing 
temperatures result in accelerated rate of conversion and showed a more marked 
glass transition with respect to lower resin quantities or lower temperatures. On 
the contrary, the amount of residual strain measured after post-cure on resin 
samples cured at higher temperatures was more than double: i.e. -6000 µε for the 
55°C cure versus -1500 µε of the 25°C. 
 
After production, composite laminates with embedded optical fibres 
were fatigue cycled. The internal state of the laminates at the optical fibre location 
was assessed via high-resolution X-ray micro Computed Tomography (micro-CT or 
µCT). Damage in the scanned volume was traced and quantified. Some cracks were 
noticed at the sensor location immediately after manufacturing for some of the 
samples. These cracks were ascribed to the relatively high curing temperature (i.e. 
180°C), which because of the Coefficient of Thermal Expansion (CTE) mismatch, 
generated too high residual strains at the sensor/composite interface. High-
resolution CT scans highlighted the optical fibre surrounding at several stages 
throughout the fatigue tests. No evidence of damage evolving around the fibre 
ENGLISH SUMMARY 
 
 
v 
after a few millions of cycles was generally found. Laminates with embedded 
sensors had a comparable fatigue lifetime as the reference laminates without 
sensors. The stiffness decay measured from the FBG sensors was validated by the 
overall crack density increase assessed with the micro-CT. Additionally, permanent 
strain deformations and the strain energy evolution throughout the tests were also 
captured by the FBGs. 
 
To the author’s knowledge, for the first time in literature, free-standing 
PWG foils sensors were developed by UGent-CMST and optimized for embedding 
in composite laminates. The laminates with embedded foils were tested 
mechanically to assess their damage tolerance. Low values of the sensor/composite 
interfacial adhesion were initially found and therefore, methods to improve it were 
considered. Final results of peel tests on embedded surface treated foils showed a 
20% improved adhesion. Functional sensors were embedded in glass fibre 
reinforced epoxy laminates and tested to define their strain and temperature 
sensitivities. Exceptional values of the temperature sensitivity, 25 times higher than 
silica-based optical fibres, were found for the Ormocer® based sensors. Such sensor 
would allow detecting milliKelvin temperature changes. No similar results could be 
found in literature.         
 
As last topic, the sensor technologies were combined to prove their 
usefulness on a real industrial component. The hinge arm used in the droop nose 
mechanism of the A380 wing leading edge was selected (Figure 1). The part, 
produced via the Resin Transfer Moulding (RTM) process, was instrumented with 
sensors and its production monitored.   
 
 
Figure 1. The composite hinge arm on the A380 droop nose mechanism. 
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A “multi-sensor approach” was considered: a network of FBGs, IDSs and 
thermocouples was embedded in the fibre preform. Two main challenges were to 
be overcome: first, the integration of the sensor lines in the existing RTM mould 
without modifying it; second, the demoulding of the component without damaging 
the sensor lines. The proposed embedding solution proved to be successful and 
nowhere in literature similar attempts on industrial components could be found. 
The signal change of the FBGs were measured from the initial moulding operations, 
the resin injection, the complete curing of the resin and the cooling-down prior to 
demoulding. The sensors proved to be sensitive to detect the resin flow front, 
vacuum and pressure increase into the mould and the increase of temperature 
induced by the resin curing. IDS sensors were able to follow-up the cure degree 
during the production process. The part was later on post-cured in an oven. 
Residual strains up to -2000 µɛ in compression were measured. 
 
In the final chapter of this dissertation, an overview on the results 
achieved throughout this research is given. Future perspective on possible 
applications that could benefit from the proposed sensing technologies are 
suggested. 
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NEDERLANDSE SAMENVATTING  
(DUTCH SUMMARY)  
 
 
 
 In vergelijking met metalen vertonen composieten een aantal interessante 
voordelen zoals bijvoorbeeld een hogere stijfheid-gewicht verhouding en een 
hogere corrosiebestendigheid. Echter, composieten vertonen tijdens gebruik 
verschillende schademechanismen die op elkaar inwerken en tot vaak moeilijk te 
voorspellen defecten kunnen leiden.  Dit verplicht ontwerpers om grotere 
veiligheidsfactoren in te lassen, waardoor de materiaaleigenschappen niet ten volle 
benut kunnen worden. Daarnaast, door het specifieke productieproces van 
composieten, zijnde de combinatie van hars en versterkingsvezels met een 
daaropvolgende uithardcyclus (exotherme reactie bij thermoharders) kunnen reeds 
hoge, vaak ongewenste, residuele spanningen ontstaan in het materiaal. B.v. 
tijdens de productie van grote composietcomponenten zoals vliegtuigvleugels, 
windturbinebladen en scheepsrompen, kan de mate van uitharding aanzienlijk 
verschillen doorheen het composietlaminaat, vanwege de lokale verhitting in de 
mal en de variabele laminaatdikte. Daarom is het van groot belang om een in-situ 
meettechniek te hebben. Het voordeel is dat in composietmaterialen sensoren 
kunnen ingebed worden tijdens de productie, dewelke vervolgens gebruikt kunnen 
worden gedurende de ganse levenscylus van de component om zo heel wat nuttige 
informatie te verkrijgen. B.v. tijdens productie kunnen de sensoren worden 
gebruikt om het proces te verbeteren. Tijdens de testfase kunnen ze benut worden 
om het ontwerp te optimaliseren, en tijdens de “Operation and Maintenance” fase 
(O&M) om onderhoudsbeslissingen te ondersteunen. 
 
 Van deze sensoren zijn de optische goede kandidaten om geïntegreerd te 
worden in composieten, wegens hun relatief kleine omvang (d.w.z. 200 µε), hun 
immuniteit voor elektromagnetische velden en hun multiplexing vermogen. De 
voordelen van ingebedde sensoren, in vergelijking  met verkleefde sensoren, zijn 
de mogelijkheid om de spanning of polymerisatiegraad te detecteren binnenin de 
composietlagen en de mogelijkheid hen te beschermen tegen de vaak agressieve 
omgevingsfactoren. Enkel voor de polymerisatiegraad werd voor elektrische 
sensoren gekozen op basis van capaciteiten omwille van nauwkeurigheid en 
multiplexing. 
Er ontstaan evenwel vragen wanneer deze sensoren ingebed worden in 
een samengestelde materiaal zoals composiet, b.v. Welke vervorming veroorzaakt  
de sensor in de omliggende composietlagen? Zal deze vervorming invloed hebben 
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op de structurele integriteit van het composiet? Is de gedetecteerde spanning 
een artefact veroorzaakt door de aanwezigheid van de sensor zelf? Bovendien, als 
men sensoren inbedt in composieten, moet men bedenken hoe de sensor op de 
veiligst mogelijke manier het laminaat kan verlaten zonder te breken. 
 
In dit onderzoek komen deze vragen aan bod via een experimentele 
benadering, waarbij de sensoren  ingebed werden in composietlaminaten en hun 
interactie werd geëvalueerd. De sensortechnologieën behandeld in dit proefschrift 
zijn de volgende: 
 
- Interdigital capacitieve sensoren (IDS), gebruikt voor de controle van de 
polymerisatiegraad tijdens composiet productieprocessen.  
- Optical Fiber Bragg Grating (FBG), technologie om de rek tijdens 
productie en gebruik van composieten op te volgen. 
- Polymer Waiveguide (PWG), op FBG gebaseerde folie sensoren voor rek- 
en temperatuurmetingen. 
 
In dit onderzoek werd een kosten-effectief IDS sensornetwerk (IDS zijn 
elektrisch capacitieve sensoren) met geïntegreerde temperatuursensoren 
ontwikkeld. Zijn relatief dun ontwerp (dikte 300 µε) en de mogelijkheid om de 
sensoren uit te rekken over een gebogen oppervlak (d.w.z. IDS sensor eilanden zijn 
verbonden door meandervormige geleiders), zorgen ervoor dat de  technologie kan 
toegepast worden voor het meten van de uitharding (polymerisatiegraad)  van 
industriële composietcomponenten. Het sensornetwerk werd gebruikt in 
combinatie met een low-cost compacte uitlezingsunit ((Arduino®). Naar de mening 
van de auteur werd een dergelijk systeem nog door niemand ontwikkeld. 
 
Optische vezelsensoren (FBGs) werden gebruikt om restspanningen te 
meten tijdens het productieproces. Het belangrijkste doel van dit onderzoek is het 
combineren van deze twee meettechnieken en informatie te verwerven over hoe 
thermohardende polymeren uitharden. Een volledige karakterisatie van een 
tweecomponenten epoxy harssysteem werd uitgevoerd. De invloed van de 
hoeveelheid exotherme reactie op de uithardingssnelheid werd onderzocht. 
Hogere harshoeveelheden of hogere uithardingstemperaturen resulteren in een 
versneld tempo van de conversie en vertoonden een meer uitgesproken 
glasovergang met betrekking tot lagere harshoeveelheden of lagere temperaturen. 
Terwijl de hoeveelheid restspanning gemeten na post-uitharding op harsmonsters 
uitgehard bij hogere temperaturen, meer dan het dubbele bedroeg: d.w.z. -6000 με  
bij 55 ° C uitharding versus -1500 με bij 25 ° C. 
 
De laminaten met de ingebedde sensoren werden na productie 
onderworpen aan vermoeiingstesten. Voor het eerst werd de interne conditie van 
de laminaten beoordeeld via X-ray micro Computed Tomography (micro-CT). 
Schade in het gescande volume werd opgespoord en gekwantificeerd. Een aantal 
scheuren werden opgemerkt bij de vezeloptische locatie onmiddellijk na productie 
van enkele van de monsters. Deze scheuren werden toegeschreven aan de hoge 
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uithardingstemperatuur (d.w.z. 180°C), dewelke door de thermische 
uitzettingscoëfficiënt (CTE) mismatch, te hoge restspanningen in de 
sensor/composiet interface genereerde. Hoge-resolutie CT scans brachten de 
omgeving van de optische vezel in beeld in de verschillende stadia van de 
vermoeidheidstesten. Over het algemeen werd geen bewijs van meer 
schadevorming gevonden rond de vezel na een paar miljoen cycli. Laminaten met 
ingebouwde sensoren hadden een vergelijkbare vermoeiingslevensduur als de 
referentielaminaten zonder sensoren. De FBG-resultaten bevestigden de algehele 
vermindering van stijfheid gemeten met de micro-CT. Bovendien werden 
gedurende de proef permanente vervormingen gemeten. Over dit onderwerp werd 
geen literatuur teruggevonden. 
 
Voor zover de auteur weet, is er voor de eerste keer in de literatuur 
sprake van de ontwikkeling van vrijstaande PWG folies sensoren die 
geoptimaliseerd werden voor het inbedden in composietlaminaten. De laminaten 
met ingebedde folies werden mechanisch getest om hun schade tolerantie te 
bepalen. Eerst werden lage waarden van de aanhechting van het sensor/composiet 
grensvlak vastgesteld, waardoor verbeterde methodes werden onderzocht. De 
uiteindelijke hechtingstestresultaten op geïntegreerde en oppervlakte-behandelde 
folies werden verbeterd met  20%. Functionele sensoren werden ingebed in 
glasvezel/epoxy laminaten en getest om hun rek- en temperatuurgevoeligheid te 
definiëren. Er werden uitzonderlijke waarden van de temperatuursgevoeligheid 
vastgesteld voor de Ormocer® gebaseerde sensoren, wel 25 maal hoger dan silica 
gebaseerde optische vezels. In de literatuur werden geen vergelijkbare resultaten 
teruggevonden. 
 
Als laatste, werden de sensortechnologieën gecombineerd om hun nut te 
bewijzen op een echte industriële component. Er werd geopteerd voor de 
scharnierarm in het “droop nose” mechanisme van de A380 vleugelvoorkant 
(Figuur 1). Het composiet onderdeel, geproduceerd via het Resin Transfer Moulding 
(RTM) proces, werd voorzien van  sensoren en de productie werd opgevolgd. 
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Figuur 1. Composiet scharnierarm in het  A380 droop nose mechanisme 
 
Er werd uitgegaan van een  "multi-sensor approach": een netwerk van 
FBGs, IDSs en thermokoppels werd geïntegreerd in de opbouw van 
versterkingsvezels. Hierbij stelden zich twee belangrijke uitdagingen: ten eerste de 
integratie van de sensorlijnen in de bestaande RTM mal zonder deze te wijzigen; 
ten tweede, het vormbewerken van de component zonder de sensorlijnen te 
breken. De voorgestelde inbeddingsoplossing bleek succesvol en in de literatuur 
werden geen vergelijkbare testen teruggevonden uitgevoerd op industriële 
componenten. De golflengte-verschuivingen van de FBG werden gemeten vanaf de 
initiële vormbewerkingen tot en met de harsinjecties, de volledige uitharding van 
de hars en de afkoeling voor ontmallen. De sensoren detecteerden  het hars 
stroomfront, de vacuüm en drukverhoging in de mal en de temperatuurstijging 
veroorzaakt door de uitharding van het hars. Het onderdeel werd vervolgens 
nagehard in een oven en restspanningen tot -2000 μɛ in compressie werden 
gemeten. IDS sensoren konden de uithardingsgraad tijdens het productieproces 
volgen.  
 
In het laatste hoofdstuk van dit proefschrift wordt een overzicht gegeven 
van de behaalde onderzoekresultaten en van mogelijke toepassingen die hun 
voordeel kunnen halen uit de voorgestelde sensortechnologieën. 
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1 
INTRODUCTION 
 
 
 
 In this Chapter, a general introduction on the growing trend of the 
composite market, reaching out new segments, is given. Industry is looking for 
solutions to increase the use of composites in automotive or aerospace 
applications in order to reduce weight and become more environmentally friendly 
by reducing fuel consumption. More knowledge on the composite life-cycle is 
therefore needed. The “Self Sensing Composites” project aims to close this 
knowledge gap by focusing on the development and application of new composite 
monitoring technologies. The author has worked and performed research in this 
project for the last four years. The main objectives and the technologies involved in 
the project are listed. Finally, the outline of the dissertation is provided. 
 
1.1 BACKGROUND 
 
In the Composite Market Report (2015) from AVK, the German federation for 
reinforced plastics has calculated that the global demand of Carbon Fibre 
Reinforced Plastics (CFRP) was increased from 41,000 to 83,000 tons between 2009 
and 2014.  
 
 
Figure 1-1. Global demand for CFRP in 1,000 tons 2009 to 2021 (*estimated) [1]. 
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The demand is forecasted to grow more than double by 2021 reaching 175,000 
tons [1]. The total turnover achieved worldwide was approximately 10.6 billion US$ 
for 2014, with an annual growth rate of 11.5%. Looking at the numbers by sectors 
in the year 2014 in Figure 1-2a, it can be summarized that aerospace & defence is 
taking up 29% of the global demand, followed by 16% for the automotive sector 
and 14% for the wind turbines. These are the three largest markets and represent 
more than half of the CFRP demand. If we then look into the turnover achieved by 
each sector in Figure 1-2b, the CFRP manufactured by aerospace & defence 
generates 48% of the worldwide revenues, indicating the high-end and high quality 
standards required by this sector.   
 
 
Figure 1-2. (a) Global CFRP demand in 1,000 tons by application year 2014. (b) Global CF turnover in US$ 
million by application year 2014 [1]. 
 
The European regulations for the reduction of CO2 emissions, together 
with the efforts in the USA to achieve more efficient fuel consumption with 
lightweight constructions are the key aspects to an increasing share of CFRP in the 
aerospace industry and especially in the automotive sector. Both applications are 
seen as the driving forces for the predicted growth. The application of CFRP in the 
aerospace and defence sectors will also show high yearly growth rates of up to 
13%. In its A350XWB model, Airbus (Toulouse, France) has foreseen a use of 
composites up to 53% of the whole plane. Similarly, Boeing (Chicago, Illinois, USA) 
made wide use of composites (Figure 1-3) for its B787, showing that both 
producers are planning to further increase the adoption of composites after the 
lifetime of the A380 or of the B787, respectively.  
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Figure 1-3. The use of composite materials in the Boeing 787. 
 
In the automotive market sector, the breakthrough of high-performance 
CFRP materials will depend on whether an automated highly efficient production of 
CFRP components will be adopted. This should result in a dramatic drop of the 
production costs (versus high volumes), in order to widen the applicability to 
middle range cars and not, as present, only for the luxury and sport cars segment. 
Therefore, the key aspects will be reducing process costs by 90% in comparison 
with the state-of-the-art aerospace approved process, reducing the material costs 
by 50% as well as reducing the production cycle times to less than two minutes 
[1],[2]. While for the CFRP the demand has seen a more firm increase over the last 
decade, the glass fibre reinforced plastics (GFRP) demand has experienced a 
fluctuating trend, certainly influenced by the economic crisis. The estimated GFRP 
increase over the last year was 2.5% with leading sectors, the transport and 
construction markets. Figure 1-4 shows the GFRP production (in volume) in Europe 
from 2005 up to 2015. An estimated volume of 1.069 megatons in 2015 with an 
increase of about 2.5% with respect to the previous year allows saying that the 
market is facing saturation [1]. This is understandable since the produced volume is 
far beyond the CFRP production, yet there is still a potential market share that 
could be taken up.   
 
 
Figure 1-4. GFRP production volume in Europe since 2005 in 10
6
 tons (*estimated) [1]. 
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The increase of GFRP in the wind energy market is lagging behind with 
respect to the predicted volumes, even though it has been experiencing a steady 
growth over the last decade. The market is pushing to larger rotor size and 
therefore longer blades, in order to increase energy production and lower the cost 
of energy. To meet these requirements, CFRP has been considered for the blade 
structural components and therefore less glass has been used [1]. This came with 
manufacturing challenges, since carbon fibre compressive strength is much more 
negatively affected by fibre misalignment than glass fibre [3]. Nevertheless, the 
quality of manufactured blades needs to meet tighter standards in order to 
improve repeatability of the process. Automatic fibre placement seems a technical 
solution to overcome these issues, but often the investment involved with these 
manufacturing improvements cannot be afforded by small-medium size companies. 
However, Gamesa (Zamudio, Spain), amongst other large turbine manufacturers, 
adopted CFRP spar-cap produced by pultrusion process, which allows better fibre 
alignment. 
 
 
Figure 1-5. (a) CFRP structural parts in the Gamesa (Zamudio, Spain) G87 and G90 blade design. (b) 
Detail of the G87 blade cross-section with indicated the materials used. 
 
Based on this market overview, some general conclusions can be drawn: if 
the forecasted CFRP demand has to be met, its production has to undergo 
technological innovations to keep up with competitiveness. All the more so for the 
GFRP market which is saturating its capacity. A better understanding of the 
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production processes and of the quality of the produced parts will increase the 
maturity of the market and consequently its trust, enabling more market shares. 
Not only the composite production needs to be innovated, but also composite 
designing should be improved accordingly in order to adjust safety factors and 
make a better use of the material itself. This can be achieved if a complete 
understanding of the operational loads acting on the composite structure, whether 
it is a bridge, an airplane wing, or a wind turbine blade, is mastered. Both 
production and design optimizations can be enabled if significant measurement 
campaigns by means of sensors installed on the composite components will be 
considered. This with respect to the whole composite life-cycle, using the “cradle-
to-grave” approach, meaning from the early conceptual stages to the design, 
production, prototyping, testing, operation and disposal of the structure.  
 
Some manufacturers of highly technical, structural composite parts for the 
automotive racing and aerospace industries had to take the matter of process 
control in composites manufacturing, after realizing that the combination of 
downward cost pressure and higher quality standards throughout the industry 
were no longer allowing any further optimization by means of purely investing on 
automation. In order to really automate Resin Transfer Moulding (RTM), or any 
closed moulding process, merely installing sensors in moulds will not even be 
sufficient, but a further step in software development and data interpretation will 
also be required. In-mould sensors deliver continuous readings to the process 
control software, which, in turn, monitors and controls resin metering, delivery, 
infusion and heating/cooling of the mould in a closed-loop configuration for each 
part cycle. RTM could be the manufacturing method of complex composites parts 
that best lends itself to automation, because it is largely a sequential process (i.e. 
also pultrusion and filament winding are fully automated processes but allow only 
achieving parts with constant cross section and limited transverse strength). For 
this reason one of the more exciting sectors in terms of large volume and the 
necessity for automation is represented by the automotive market. An example is 
represented by the i3 and i8 models of BMW (Munich, Germany), that clearly is 
looking for opportunities to speed up its RTM process, reduce carbon fibre scrap 
rates and minimize resin usage.  
 
Moving further on the exploitation phase, many composite applications 
which are put into operation after manufacturing are required to last for decades 
with the minimal required maintenance. Often, the knowledge on the 
environmental and loading conditions to which the structure is subjected is even 
not well defined. These conditions are either underestimated, which typically 
results in the occurrence of early structural damage, or insufficiently known, which 
calls for using a very conservative design approach and hence for using over-
dimensioned structures. This can be illustrated by the setback to which Siemens 
Wind Power A/S (Brande, Denmark) was exposed in early 2013 when two 2.3 MW 
turbines in the US each lost a rotor blade in separate incidents, forcing the 
company to curtail output of more than 700 units. Inspection of the destroyed 
blades revealed delamination between insert and skin sections, causing complete 
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separation prior to the catastrophic failure. The shear web (structural 
reinforcement), which on B53 blades overlaps the root segment, negatively 
impacted the shear load level by introducing an additional peel stress, which 
caused the blade to fail. The inspections indicated that about 20 blades (or 1% of 
the total fleet) showed delamination signs, but the decision of the company was to 
replace all of the blades.  
  
The intrinsic anisotropy of composites, on one hand gives them 
surprisingly high specific strength properties (i.e. strength per unit mass), but on 
the other hand generates a complex stress state in the material. As a result, several 
different damage mechanisms can occur, often combined, resulting in progressive 
failure of the composite component. Composites, as opposed to metals, allow for 
more options when considering sensing solutions to monitor their life-cycle. For 
instance the lower process temperature with respect to metal casting, allows 
employing several types of sensors which can be embedded in the material layup 
itself. These sensors can follow-up process parameters, such as temperature, 
vacuum level or pressure, throughout the whole production. In addition, they can 
be employed in their consequent life-cycle stages to monitor the behaviour of the 
structure in operation. This is known as Condition Monitoring (CM) or Structural 
Health Monitoring (SHM), which aims to make use of sensor readouts to detect 
early faults during operation. Such structures are often referred to as Smart 
Structures. Over the last decades, several attempts have been made on embedding 
different types of sensors in composite structures for operational load sensing. 
Some of these attempts were addressed on real structures, other on more basic 
laminates in a laboratory environment [4],[5]. A wide range of sensors exists: 
electrical or optical sensor types are preferred over chemical or mechanical ones 
for applications in composites. For instance, Boukabache et al. [4] patched a 
piezoelectric sensor network onto aircraft main-structure subcomponents to 
investigate their dynamic behaviour and detect damages on the sensor 
surroundings. Due to the relatively large dimensions of these types of sensors, 
embedding them into a composite layup is not favourable for the integrity of the 
structure. Though, sensor embedding in a composite layup presents a few 
advantages compared to the “surface mounted configuration”. For instance, strains 
(or other parameters) could be measured inside the material where the damage 
initiates, therefore allowing estimating with more accuracy the residual life of the 
component. For this purpose, sensors having smaller dimensions in the order of 
hundreds of microns have been developed. Amongst others, Optical Fibre Sensors 
(OFS) and carbon nanotubes (CN) have attracted more the interests of the scientific 
community.  
 
Sensors were developed from standard optical fibre technology for 
telecommunication purposes since the early ‘80s. Since then, OFSs have 
continuously been developing and have become nowadays widely adopted in the 
sensing industry. Schroeder et al. [6] designed and constructed a sensor monitoring 
system for continuous on-line monitoring of bending loads of a 4.5 MW wind 
turbine rotor blade. The loads were recorded in different operating conditions and 
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the capability and reliability of the applied fibre optic sensor technology have been 
assessed during more than two years of field tests. Sang-Woo et al. [7] went even 
further and embedded a fibre optic sensor network in the adhesive bondline 
between the spar cap and the shear web of a 100 kW wind turbine blade, 
estimating the tip deflection. Strains in the adhesive layer were compared with 
conventional strain gauge measurements, as well as with FEM models and found to 
be in good agreement. Garcí et al. [8] have investigated the possibility of using 
different types of optical fibres on aircraft structures, including the feasibility to 
perform measurements of the blade tip-clearance of the aeronautic engines. Other 
studies have been focusing on different types of non-intrusive sensors, known as 
carbon nanotubes. Kang et al. [9] developed a carbon nanotube polymer material 
based neuron sensor network specifically designed for detecting large strains and 
cracking. Such a sensor network could reduce the number of channels of data 
acquisition for SHM of large structures. However the read-out intelligence is still 
lacking some development. 
  
The benefits that the industrial sector can obtain from a SHM system has 
pushed for the development of new sensors and for a continuous improvement of 
the most widely used ones. Research has always played an important role in this 
regard. The Self Sensing Composites project (SSC), in fact, is also part of the 
scientific world looking into new sensors development and into innovative CM 
approaches with a focus on composites applications. In the following section, the 
technologies and the main project objectives that are related to the results 
disclosed in this PhD dissertation will be introduced.  
 
 
1.2 SELF SENSING COMPOSITES PROJECT 
 
The Self Sensing Composites project (SSC funded IWT; 2013-2017) was the 
outcome of the fruitful conversations between the academia (Ghent University and 
Free University of Brussels) and the Flemish industrial partnership, that originated 
after the end of the MASSFOS (ESA co-founded GSTP3-project; 2005-2009), the 
PHOSFOS (European Commission FP7 project; 2008-2011) and the SMARTFIBER 
(European Commission FP7 project; 2010-2013) projects [10],[11],[12]. In the 
following, the motivations that led to define the project proposal are introduced.  
 
1.2.1 PROBLEM STATEMENT AND PROJECT OBJECTIVES 
 
When applied to composites, the entire product life-cycle starts with its 
inception, which comprises its design and engineering, then its production and only 
afterwards its actual exploitation until the disposal of the part. More in detail, the 
production phase groups an initial composite preform preparation, curing of the 
part and its demoulding. These stages involve the selection of process parameters 
which might have a strong influence on the quality of the produced part and on its 
reproducibility. For instance, in RTM production processes the incorrect filling of 
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the mould will result in porosities or dry-spots in the cured part. A need for a non-
intrusive process monitoring solution that could be employed to measure the 
correct mould filling is more and more of concern within the composite industry for 
optimizing the production process [13]. The general concept behind SSC was 
making use of different innovative sensor technologies throughout the whole 
composite life-cycle. Figure 1-6 gives an overview on how an (optical fibre) sensor 
network could be integrated in a composite production process and all the stages 
of its life-cycle would benefit from it. 
  
 
Figure 1-6. Monitoring applied to the composite life-cycle model [14]. 
 
Monitoring the production process parameters will lead to process 
optimization and to cost saving. Resin flow detection for instance, could help 
obtaining better part quality [15]. Cure monitoring instead, could shorten 
production time whenever the material has cured and is ready for demoulding.  
Inappropriate curing cycles, might on the other hand lead to either uncured 
components or excessive internal strains in the produced part, which could cause 
premature failure in normal operating conditions [16]. Integrating sensing 
technologies and monitoring during initial testing or operation, means gathering 
useful data that could be used to re-design and optimize the structure. This might 
lead to lighter and more durable structures, which in turn will reduce fuel 
consumption in aeronautic and automotive structures, or will enable wind turbines 
to operate much closer to their design limits. The wind energy capture will increase 
accordingly and thus the electrical energy output [17]. Without mentioning the 
price for a refit or the extra cost of a catastrophic failure caused by a wrong design 
or a lack of manufacturing quality, as for the aforementioned case of Siemens Wind 
Power A/S (see Section 1.1).  
 
CHAPTER 1: INTRODUCTION 
 
 
 
9 
Most of the relevant industrial sectors involved with the application of composite 
materials have been involved in SSC, i.e. aerospace, automotive, wind energy and 
civil engineering. The need of the composite industry for more advanced strain and 
temperature sensing (e.g. multi-axial strain fields inside the material) has steered 
the objective of SSC into the development of new sensor technologies with 
unprecedented features based either on micro-structured optical fibres or on 
deformable opto-electronics. On the other hand, the strong requirement on 
developing affordable sensors, fostered the design of low-cost stretchable 
electronics and led to the manufacturing of a disposable sensor network. For these 
technologies, aside from the sensor development itself, the feasibility to 
successfully embed the sensors into the composite material needed to be verified, 
along with the production process compatibility.    
 
1.2.2 SENSOR TECHNOLOGIES 
 
 All the relevant sensor technologies developed in SSC are introduced in 
the following. Namely, the fibre optics sensor technology with an emphasis on 
Fibre Bragg Gratings (FBG), the Polymer Waveguide (PWG) sensor technology for 
in-plane strain measurements and the capacitive sensor technology for cure 
monitoring of polymers in composites production. The latter involves the 
development of a low-cost sensor network with integrated deformable electronics. 
 
1.2.2.1 FIBRE OPTICS SENSOR TECHNOLOGY 
  
 Optic fibre sensors are mostly used as surface mounted and single axial 
strain gauges to measure the in-plane strain. Over the last years, embedding fibre 
sensors inside fibre-reinforced plastics to measure the in-plane strain in the fibre 
direction has become more frequent. However, the complex composite fibre 
architecture might induce a non-uniform 3D strain field, which often distorts the 
sensor readings. Therefore, assessing the health conditions of the structure only 
relying on the strain in the fibre direction can sometimes be misleading [18]. In this 
regard, within SSC an innovative fibre sensor design (i.e. micro-structured optical 
fibre sensors) which allows for enhanced transverse strain sensitivity has been 
developed by the B-Phot research group of VUB (Vrij Universiteit Brussels, Brussels, 
Belgium). This is specifically intended for multi-axial strain monitoring and shear 
sensing applications.  
 
Additionally, from a composite perspective, despite the small sensor 
intrusiveness (i.e. commercial fibres have typically 125 μm outer diameter) 
uncertainty still exists on the quality after embedding, on the embedded sensor’s 
measuring accuracy [19] and on their interaction with the composite during the 
whole life-cycle of the structure [20],[21]. In this regard, SSC aimed to study the 
interaction of commercially available optical fibre sensors embedded in composite 
laminates. Figure 1-7 shows four cases where an FBG sensor is (a) non embedded, 
(b) embedded in a Unidirectional (UD) laminate, (c) embedded in a cross-ply 
laminate and (d) embedded in a woven fabric. The composite material is always a 
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carbon/epoxy, yet the reinforcing fibre architecture is strongly affecting (i.e. peak 
distortion) the reflected spectrum response of the FBG. SSC addressed questions 
related on one hand to the influence that the composite has on the sensor 
readouts and on the other hand to the possibility of initiating damages in the 
composite at the sensor’s location.  
 
 
Figure 1-7. Sensor response for optical fibres (FBG) embedded in carbon fibre composites having 
different layup. The Reflected peak response changes drastically due to the effect of the out-of-plane 
strains acting on the sensor grating [18].  
 
An additional objective of SSC with regard to the sensor/composite 
interaction, was defining an optimal embedding strategy applicable to industrial 
composite components mainly produced by RTM. In turn, this meant designing 
proper fibre/composite egress solutions which allowed the sensor to survive the 
production process (i.e. demoulding) and the following sensor exploitation stages 
(i.e. operational loads). 
 
1.2.2.2 POLYMER WAVEGUIDE SENSOR TECHNOLOGY 
 
 Integrated optics offers the solution to miniaturize optical devices of high 
functionality on a common substrate. Amongst them, planar light-wave circuits 
provide high productivity compared to traditional optical circuits. Polymer 
waveguide technology was developed as a means to apply printed circuit board-
level optical interconnects in high-end computing systems. In Figure 1-8, a typical 
PWG stack during its final manufacturing step is presented. The aim of SSC was to 
add sensing features in the form of gratings to these waveguides and develop in-
plane strain/temperature foil sensors that could be embedded in composite 
materials. PWG sensor foils are flexible and allow for long elongations. Their 
manufacturing allows obtaining very thin features (i.e. below 50 μm) at a low cost 
(i.e. this depends on the number of produced sensors). By combining waveguides 
with different orientations (e.g. 0°, 45° and 90°) a full-optical strain sensor capable 
of discerning the different in-plane strain components inside a composite laminate 
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can be obtained. This for instance would also enable detecting the magnitude and 
direction of any applied load to a structure.      
 
 
Figure 1-8. (a) Schematic of a typical PWG stack. (b) Cross-section of an Epocore/Epoclad stack of 
multimode waveguides.  
 
  Furthermore, by integrating on these PWG foils arrays of Vertical-Cavity 
Surface-Emitting Lasers (VCSELs) along with detectors, the conversion between 
optical and electrical signalling is enabled and as such an integrated optic 
strain/temperature readout system is obtained [22].  
 
 
Figure 1-9. (a) principle of integrating source and detector in a polymer waveguide foil (b) flexible 
polymer waveguide foil with embedded optoelectronic components.    
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Within the SSC project, UGent-CMST (Centre for Micro System Technologies, Ghent 
University, Ghent, Belgium) has translated rigid optical waveguides into flexible 
ones (Figure 1-9) and reduced the thickness of the PWG foil, in order to minimize 
the composite distortion after embedding. A single mode PWG technology was 
established, enabling compatibility to grating inscription technologies and allowing 
higher strain sensitivities [23]. As FBGs have beneficial attributes compared to 
electronic sensors, polymeric waveguide (Bragg) gratings offer several advantages 
over FBGs: they are more compact, have a more cost-effective batch process, 
exhibit greater ease of tuning optical properties and offer potential integration 
with other components, such as light sources and detectors. This technology 
potentially allows for low-cost high-volume production of sensing systems that 
could be embedded in composites. 
 
1.2.2.3 CAPACITIVE SENSORS TECHNOLOGY 
 
 The main objective within SSC of UGent-CMST with regard to this 
technology was the development of a cost-effective, mass producible, flexible and 
stretchable Printed Circuit Board (PCB) with capacitive sensors for monitoring 
composite material curing process during fabrication. The sensor principles relies 
on the dielectric of the capacitor which is dependent entirely or partially on the 
resin of the composite material into which the circuit and the sensor are 
embedded. Typically, in a thermoset polymer composite production process, the 
resin starts off as a liquid and undergoes a polymerization (i.e. analogue to metal 
solidification). The dielectric constant of the composite material, and therefore the 
measured capacitance, changes with the resin polymerization during production 
[24]. Therefore, measurement of the evolution of these values over time will 
provide information on the degree of cure. A planar interdigital capacitor was 
envisaged. The two sensor electrodes were produced on the same PCB Cu 
conductor layer. A comb-like structure was selected because of its higher 
attainable capacitance and, a sufficient sensitivity to detect a changing cure degree, 
was obtained by optimizing the design.  
 
Aside from the sensor development, big effort was put into the 
development of one-time deformable electronic circuits with integrated sensors, 
capable to establish a sensor network distributed over the entire composite 
structure. Minimal disturbance of the composite was obtained by reducing the 
circuit thickness and the number of electrical interconnections to the external 
readout unit [25]. Additionally, the one-time stretchable circuitry technology is also 
very well suitable for integration with the polymer waveguide based sensors or 
optical fibres. Figure 1-10 depicts the basic concept of a capacitive sensor island (to 
which also a temperature or a strain sensor can be added) interconnected with 
stretchable copper leads (i.e. meanders) to form a matrix of 16 sensors. The 
sensors are produced at the same time as the deformable circuit. Therefore, almost 
no additional processing steps are necessary. Of course for the sensor readout, 
dedicated circuitry has to be provided.   
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The deformable circuit technology must be developed in such a way that the circuit 
can withstand all thermal/chemical/mechanical conditions imposed by the 
composite production process. Another difficulty to overcome is the transfer and 
precise placement of the distributed sensor circuit into the composite. Composite 
production processes suited for the embedding of the sensor network were 
investigated.    
 
 
Figure 1-10. Capacitive sensor network concept for cure monitoring of composites. 
 
 
1.3 THESIS OUTLINE  
 
The ultimate goals of this PhD can be summarized as follows: 
 
- Development of a multi-sensor approach to monitor the production 
process of an industrial composite part. To achieve this, it was first 
necessary to experimentally study the cure phenomenon of the composite 
resin and understand the influence that the process variables (i.e. 
temperature, process time) had on the cure. This was studied by using a 
combination of capacitive sensors, optical fibres and temperature sensors. 
 
- Study of the interaction between the optical fibre sensor and the 
composite material. The influence that the sensor has on the integrity of a 
composite laminate was investigated through fatigue experiments. For 
some of the tests, the sensor readings were used to gain more information 
of the damage evolution.   
 
- Development of an innovative Polymer Waveguide (PWG) Bragg grating 
sensors to be embedded in a composite laminate. A foil sensor was 
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optimized for embedding in composite laminates and its adhesion with 
the composite resin was improved through plasma treatments. The 
embedded sensor was characterized to strain and temperature variations.   
 
A brief overview on how each chapter in this dissertation is structured is given 
below. The author has divided the dissertation into three main parts: Part I will 
introduce the sensing principles of two out of the three sensor technologies 
described in Section 1.2.2, namely fibre optics and capacitive sensing. These are 
then used in Part II to address the major findings of SSC with regard to production 
monitoring of composites first, and then on sensor/composite interaction of 
embedded optical fibres. The results are the outcome of both lab scale, as well as 
real industrial tests. As last, in Part III, an overview on the development of the 
innovative PWG sensor technology is given.        
 
 
PART I:  STATE OF THE ART 
1.3.1 CHAPTER 2: FIBRE OPTIC SENSORS  
 
In Chapter 2, an introduction to fibre optics technology for strain sensing is 
given. The basics of the FBG principle and on the manufacturing of the Draw Tower 
Grating sensor (DTG®) used in this research, is first provided. The basics and 
general features of the Micro-Structured Optical Fibre (MOF) sensor developed in 
this project by the VUB B-Phot research team are also mentioned. Since MOF 
sensors do not represent the core topic of this dissertation, the technology will not 
be treated in detail. Afterwards, a literature review highlighting the state of the art 
and relevant work in the field of optical fibre sensor embedding in composites is 
proposed. This will then be recalled more specifically in the result section (Part II).  
 
1.3.2 CHAPTER 3: CAPACITIVE SENSORS 
 
Chapter 3 deals first with a general literature review on the most used 
techniques to quantify the degree of cure of a polymer.  The theory of Dielectric 
Analysis (DEA) for cure monitoring of polymers by means of capacitive sensors is 
then introduced. Pros and cons of the method and its applicability to fibre 
reinforced composites are discussed. Two different Interdigital Capacitive Sensor 
(IDS) designs, proposed by UGent-CMST, are compared. Next, the sensor 
characterization is discussed. The chapter ends with a part dedicated to the 
development of a deformable sensor network based on PCB technology for 
production monitoring of composites. The credits on the design and fabrication  of 
the sensor network goes to UGent-CMST. Results on the production monitoring of 
composites by means of these two developed technologies are then introduced in 
Part II. 
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PART II:  RESULTS 
1.3.3 CHAPTER 4: PRODUCTION MONITORING OF COMPOSITES 
 
In Chapter 4, the sensor technologies introduced in Chapters 2 and 3 are 
exploited: by combining the residual strain monitoring with FBGs and the cure 
monitoring by means of capacitive sensors, more information on the physical 
phenomenon of polymer curing can be gained. First, the results on production 
monitoring of pure resin are proposed. Two different epoxy systems were 
characterized. For one of them (RIMR135+RIMH137 from Momentive®, Waterford, 
NY), a more detailed analysis followed. Its cure kinetics measured by DEA was 
compared to the result from a Differential Scanning Calorimetry (DSC) cure 
analysis. Additionally, the effect that different curing temperatures had on the 
residual strains after curing was addressed. The chapter continues with results 
from cure monitoring tests on composites: both GFRP and CFRP laminates are 
considered. Finally, a low-cost in-situ DEA system will be presented for the first 
time in literature and will be used to monitor the production processes of a GFRP 
tapered laminate.   
 
1.3.4 CHAPTER 5: OPTICAL FIBRE COMPOSITE INTERACTION FOR 
FATIGUE LIFE MONITORING 
 
The core of the result section on optical fibre interaction with composites 
is summarized in Chapter 5. Firstly, a literature survey on damage identification in 
composite parts using FBGs and on the sensor/composite distortion will be 
discussed. A section is dedicated to describe the Non-Destructive Evaluation (NDE) 
technique known as micro Computed Tomography (micro-CT), which is then 
exploited in the second half of the chapter. Firstly, the micro-CT results after 
manufacturing of cross-ply laminates with embedded FBG sensors are introduced. 
Nowhere in literature the micro-CT technique has been exploited yet to assess the 
quality after embedding of optical fibres. Secondly, static tensile test results on the 
embedded sensor response are reported in order to define the sensor sensitivity. 
Finally, fatigue test results are disclosed to address the long-term response of 
embedded sensors. Both aspects related to the sensor readouts (i.e. accuracy of 
the embedded sensor after fatigue cycling) and to the composite durability (i.e. 
reduced fatigue life-time due to initiation of damage at the sensor location) are 
investigated. Fatigue tests were performed in tension-tension (R=0.1) and tension-
compression (R=-1) for both CFRP and GFRP cross-ply laminates having DTG® fibres 
of different diameters embedded. Again, high-resolution micro-CT scans allowed, 
for the first time ever, to assess the fatigue damage in the sensor surroundings.   
 
1.3.5 CHAPTER 6: SMART COMPOSITE STRUCTURES 
 
In Chapter 6, evidence of the applicability of the sensing technologies 
introduced in Chapter 2 and Chapter 3 is given. Some results were already 
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introduced in Chapter 4, however now, these technologies are applied to real 
industrial components produced via the RTM production process. Two distinct 
technology evaluators were selected: namely an automotive rear suspension 
control arm and the hinge arm on the leading edge droop nose mechanism on the 
A380 wing. In collaboration with SLC-Lab (Sirris Leuven-Gent Composite Application 
Lab, Leuven, Belgium), production monitoring tests have successfully been 
performed. First, the explanation on how the different sensing technologies were 
integrated in the components is provided. An innovative “multi-sensor approach” 
was used for the A380 hinge arm. Then, the results of the production monitoring 
tests are described. A section on the optical fibre egress design and on its required 
robustness for integrating it into an RTM mould can also be found. This will prove 
that fibre optic sensor technology is suited for integration in industrial RTM 
processes. Additionally, a section on thermal expansion measurements on the 
A380 hinge arm is provided.  
 
PART III:  INNOVATIVE SENSORS 
1.3.6 CHAPTER 7: POLYMER WAVEGUIDE SENSORS EMBEDDED IN 
COMPOSITES 
 
In Part III of this dissertation, the section on the innovative PWG sensor 
development is introduced. Chapter 7 starts with an essential description on the 
basic functioning principle of a Polymer Waveguide sensor. Then, the PWG 
manufacturing and grating inscription methods are discussed. Since the whole 
purpose of the research task was to develop a sensor foil that could be embedded 
in a composite laminate, a section on the embedding optimization is provided. 
Mechanical tests to investigate the sensor/composite interface adhesion are 
described in the second half of the chapter. Finally, results on the sensor 
characterization to strain and temperature are presented for both surface mounted 
and embedded PWG foils. To the author's best knowledge, this is the first time that 
the strain sensitivity of an embedded PWG sensor was addressed in literature.         
 
1.3.7 CHAPTER 8: CONCLUSIONS  
 
A summary of the most important achievements and conclusions made in 
the different chapters of this PhD is provided in Chapter 8. Additionally, a section is 
attributed to the future outlook of the SSC project and future research activities are 
suggested. 
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2 
FIBRE OPTIC SENSORS 
 
 
 
 
 
 In this Chapter, the general working principle of a fibre optic based strain 
sensing system is introduced. Particularly, fibre optic strain sensing based on Fibre 
Bragg Gratings (FBG) is discussed. Different sensor designs are going to be listed 
along with their manufacturing process and performance. In the second part of the 
Chapter, a literature review on Structural Health Monitoring (SHM) of composite 
structures is  given. Monitoring of composite parts by means of optical fibre 
sensors (OFS) is highlighted. Particularly, cases of embedded sensors are reviewed. 
Focus is put on composite distortion in the sensor surroundings and on possible 
initiation of damage during long term use of the structure. Extra attention is paid to 
the fibre egress design and robustness requirements for sensor integration in the 
technology evaluator components presented in Chapter 6.  
 
2.1 INTRODUCTION 
  
 Optical fibres have become popular since the 1970s when they have first 
been used for telecommunication applications. The greatest driver was obviously 
the enormous advantage of having very low signal losses over long distances with 
respect to traditional electrical wiring communication. In addition to this, the high 
signal bandwidth allowed them to be used in many applications where long 
communication distances were imposed [1]. Generally an optical fibre consists of a 
pure silica core which is surrounded by a silica cladding. Light is guided into the 
fibre and, because of an imposed refractive index difference between the fibre core 
and the fibre cladding, total internal reflection is ensured, confining the light to 
travel into the fibre core. The refractive index of a material is defined as the ratio 
between the speed of light in vacuum and its corresponding speed in the material 
under consideration. Since the fibre core has a higher refractive index with respect 
to its surrounding cladding, total internal reflection is assured and light is enabled 
to travel for long distances at low losses (i.e. 0.2 dB/km) [1]. Depending on the core 
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diameter size, single mode (SM) or multi-mode (MM) optical fibres can be 
obtained. These modes define the way the wave travels through space, i.e. how the 
wave is distributed in the fibre. For single-mode fibres waves are distributed in 
space in such a way that they result in a single ray of light. For a multi-mode fibre, 
several light waves having different amplitude and wavelength are travelling 
through the fibre and its core is typically 50 to 100 μm. Because multi-mode fibres 
have a larger core-size, they support more than one propagation mode, which in 
turns means that they have more modal dispersion, limiting the travel distances 
(i.e. pulse broadening) but are less prone to misalignment with sources and 
detectors. Single-mode fibres have typically a 8-10 μm core diameter and allow for 
a single propagation mode instead. In this dissertation, only single-mode optical 
fibres will be considered.  
 
The fibre strength along its axial direction can be considerably high, but a 
sharp bend might induce the glass to easily crack. Therefore, an additional 
protective coating is often applied on top of the cladding to protect it and improve 
its handling. Typical coatings are acrylate polymer, polyimide, silicon and ceramic 
materials and their typical outer diameter is 250 μm for a commercial fibre with a 
125 μm cladding diameter. Required properties of the coating material are, for 
instance, a good wear and temperature resistance, good toughness and a long-
term durability. Additionally, the coating needs to have a good adhesion with the 
fibre cladding, yet strip cleanly from the glass to facilitate splicing and connecting. 
Applications of fibre optics in sensing were investigated only after the boom of 
their employment in the telecommunication sector. Two main different sensing 
principle technologies are employed: (i) distributed scattering and (ii) point 
reflection, better known as Fibre Bragg Grating (FBG). In (i) scattering based 
distributed sensing, a coherent laser pulse is sent along an optic fibre. The intensity 
of the reflected light is measured as a function of time after transmission of the 
laser pulse. When the pulse has had time to travel forth and back the full fibre 
length, the next laser pulse can be sent. Changes in the reflected intensity of 
successive pulses from the same region of the fibre, are caused by changes in the 
optical path. These changers are  This type of system is very sensitive to both strain 
and temperature variations and measurements can be made almost simultaneously 
throughout the entire fibre length, making it a fully distributed sensing system. The 
FBG principle was firstly proved by Ken Hill in 1978. This type of (ii) distributed 
Bragg reflector constructed in a short segment of optical fibre reflects particular 
wavelengths of light and transmits all others. This is achieved by creating a periodic 
variation in the refractive index of the fibre core, which generates a wavelength-
specific mirror [2]. A fibre Bragg grating can therefore be used as an inline optical 
filter to block certain wavelengths, or as a wavelength-specific reflector. Other 
types of sensing rely on the back scattering reflection or refraction where the end-
facet of a fibre is put into contact with a material (i.e. a polymer curing or an 
environment with variable humidity) and the change in the refractive index of the 
Material Under Test (MUT) is captured by the change in reflected light. Sensors 
which make use of this working principle are Edge Fibres (EFs) or Fresnel Reflection 
Refractometry (FRR) sensors [3],[4]. Of all the optical sensors developed over the 
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last decades, the most widely used in strain or temperature measurements 
applications have been the FBGs. This because of the high accuracy of the whole 
measuring system, the relatively low-cost of the readout equipment (i.e. 10,000 € 
compared to 100,000 € of an optical spectrum analyser for distributed sensing) and 
the possibility of multiplexing an array of a hundred of point sensors into a single 
optical fibre. The latter represents certainly an advantage over traditional strain 
gauge technology, where a channel with dedicated wiring is required for each 
sensor. The larger and more complex the structure to test, the larger the number 
of sensors and therefore also wires involved. 
 
 
Figure 2-1. Practical example of the cabling complexity for a strain gauges system compared to a fibre 
optic strain system [5].   
 
 A clear example is represented by the flap-wise test on an airplane wing, 
where the use of hundreds of strain and temperature sensors and accelerometers 
is required. The complexity of the measurement system could be tremendously 
reduced by using a few optical fibre lines. In Figure 2-1, a practical example is given, 
where a steel plate is instrumented with strain gauges and optical fibre sensors. 
The grey wiring is for 21 strain gauges and the yellow is an optical fibre lead cable 
for a sensing fibre with almost 100 sensing points. The size of the strain gauge leads 
over the optical fibre cable is outstanding. In the following, the FBG technology will 
be introduced more in detail. 
 
 
2.2 FIBRE BRAGG GRATING SENSORS 
 
       In this section, an overview of the FBG working principle, its manufacturing 
process and its typical strain and temperature sensitivities is introduced.  
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2.2.1 BASIC WORKING PRINCIPLE 
 
 As already mentioned, optical fibre Bragg gratings are point sensors where 
by means of an interfering UV light pattern, a periodic variation of the refractive 
index is induced (i.e. the Bragg grating) to the fibre core. When broadband light is 
sent through the fibre core, the grating acts as a selective filter and reflects back 
part of the initial spectrum. 
  
 
Figure 2-2. Fibre Bragg grating schematic representation. 
 
 The reflected spectrum is characterized by its Bragg wavelength λB via the 
equation [2]: 
λ = 2nΛ (1) 
where neff is the effective refractive index of the grating and Λ is the grating period. 
Typical Bragg wavelengths are in the range of 830, 1300 or 1550 nm, depending on 
the grating inscription technology used and on the fibre optic core refractive index 
[6]. The great advantage of this technology lays in the fact that the grating period 
can be tuned in such a way to have a specific Bragg wavelength, hence allowing 
inscribing multiple gratings on the same optical fibre line and reading them out on 
a single channel.  
An arbitrary variation of strain and/or temperature applied on the grating 
will lead to a change of the grating pitch ∂Λ and effective refractive index  ∂n and 
thus induce a shift of the Bragg wavelength. By differentiating the two variables in 
Eq. 1, which are independent one from each other and dividing by λB, Eq. 2 can be 
obtained [7]: 
 ∂λλ =	
1
n
∂n∂T +
1
Λ
∂Λ
∂T∂T + 
1
n
∂n∂ε +
1
Λ
∂Λ
∂ε∂ε (2) 
 
The first term on the right hand side represents the Bragg-wavelength 
shift induced by a infinitesimal variation ∂T which can be expressed as the 
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contribution of the thermo-optic coefficient ξ and of the thermal expansion 
coefficient αf of silica (SiO2). The FBG thermal sensitivity KT for a finite temperature 
variation can be rewritten as: 
 
K = ∆λλΔT = 	
1
n
∂n∂T +
1
Λ
∂Λ
∂T = ξ + α (3) 
 
Similarly, the second term on the right hand side of Eq. 2 represents the 
contribution of a strain variation  to the Bragg wavelength shift, which is given by 
a physical change in the grating periodicity and by a strain-optic induced change in 
the refractive index. The strain sensitivity Kɛ for a finite strain variation can be 
reformulated as: 
 
 = ∆Δ = 	 
1
n
∂n∂ε +
1
Λ
∂Λ
∂ε = 1 −  (4) 
 =	  
!
2 "#! − $%## + #!&' (5) 
 
where pe is the equivalent strain-optic coefficient, p11 and p12 are the strain-optic 
coefficients expressed in the fibre principal directions and ν is the Poisson ratio of 
the fibre. Eq. 2 can therefore be rewritten as: 
 
∆λλ =	K	ΔT + K(	Δε (6) 
  
Typical values of sensitivities and of thermo-optic and strain-optic 
coefficients will be provided in Section 2.2.3 and 2.2.4. Worth to mention that 
these equations are valid for a free standing optical fibre and additional 
considerations should be done when considering the case of an optical fibre 
embedded in a composite.    
 
 
2.2.2 FIBRE BRAGG GRATING MANUFACTURE 
 
 As previously mentioned, a FBG sensor consists of a silica optical fibre SiO2 
where at the location of interest a grating is inscribed. The fibre is drawn starting 
from a synthetic fused silica preform with an extremely high degree of purity, that 
in the case of telecom fibres can have a diameter of 28 mm and be approximately 
80 cm long. Such a preform is enough to draw 40 km of a 125 µm cladding 
diameter fibre. In order to obtain a variation of the refractive index between core 
and cladding, the preform is produced by depositing thin layers of reacted vapours 
(e.g. Si02 and GeO2 SiO2) which produce fine particles of (doped) glass. By carefully 
controlling the mass-flow of vapours, one can control the dopant concentration in 
the silica glass layer. Depending on the dopant concentration and on the process, 
two different radial variation profiles of the refractive index can be obtained: (i) the 
step index and the (ii) graded index. However, the second one is mainly used for 
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multi-mode fibres where the fibre core has a larger diameter, allowing for a 
smooth transition of the refractive index. After drawing the fibre to its final 
cladding diameter size, the fibre is fed through a nozzle where the coating is 
applied and subsequently UV cured. This is a crucial operation in a sense that the 
coating needs to be applied uniformly and be concentric with respect to the fibre 
axis. Standard 125 µm fibres (e.g. Corning SMF-28) can be coated with a single (190 
µm) or double acrylate coating layer reaching an overall diameter up to 250 µm. 
The first coating layer is more compliant and designed to act as a shock absorber, 
whereas the second layer has to be tougher, to minimize attenuation due to 
microbending and to provide higher wear resistance. Typical values of the acrylate 
coating stiffness are between 0.5 and 1.5 GPa. Alternatively, a polyamide coating 
can also be selected when applications require heat and cold resistance and higher 
strength (90-185 MPa) and stiffness up to 2.5 GPa. In a second phase, the sensor 
grating needs to be inscribed in the fibre. Conventional grating inscription 
techniques foresee stripping of the coating at the location where the grating has to 
be inscribed and recoating after inscription. This often leads to degradation of the 
fibre strength, due to coating discontinuity and/or variation of thickness. The 
theoretical failure strength of highly pure silica material is approximately 5 GPa 
with a failure strain up to 6 %, but the failure strength of optical fibres is strongly 
related to the presence of flaws in the cladding surface. Stripping, recoating and 
handling have an abrasive effect on the fibre cladding. Practically, the strain to 
failure of a recoated fibre is limited up to maximum 1 %. To overcome this issue, a 
specific procedure which allows inscribing the grating while drawing the fibre has 
been developed [8]. This type of manufacturing, known as Draw Tower Grating 
DTG®, has been developed by FBGS® Technologies GmbH (Jena, Germany) and will 
be further discussed more in detail. Standard SM step index fibres have typical 
values of the dopant concentrations up to 3 mol% for GeO2, for instance in the case 
of the Corning SMF-28. This allows obtaining a core refractive index of ncore = 
1.4476 (λb = 1550 nm), whereas the cladding refractive index of pure silica is nsilica = 
1.444. In the DTG® case, since the grating is inscribed while the fibre is moving, the 
fibre core needs to be highly sensitive. This is obtained by increasing the dopant 
concentration up to 19 mol%. The core refractive index becomes ncore = 1.4593 (λb = 
1550 nm). A direct consequence is the higher losses (11 dB/Km for a 125 µm DTG® 
inscribed at 1550 nm), but this does not represent a limiting factor for the 
application to sensing [9].   
 
After the grating inscription, the fibre is fed through a heated nozzle 
containing the coating material. The DTG® fibres used in this work are coated with 
ORMOCER® (Organic Modified Ceramic), which is a UV-curable material with a 
Young’s modulus of 1.44 GPa that can withstand temperatures up to 200 °C for 
extended time [10]. From previous research work, it has been found that 
ORMOCER® has a strong bonding to the silica and the fibre failure occurs before 
complete pull-out. Also the bonding of ORMOCER® to the epoxy material has 
adequate values. This will come later when the fibre embedding into composite will 
be discussed. For a standard 125 μm fibre, the outer coating diameter with 
ORMOCER® is typically 190 μm. In this work, also DTG® fibres having 80 μm and 60 
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μm cladding diameters have been used [11]. Their outer coating diameter are 
approximately 140 μm and 106 μm, respectively. The importance of the coating 
material in fibre optic applications for sensing purposes will be recalled more in 
detail in Section 2.3.  
 
 
2.2.3 STRAIN SENSING 
 
 The strain sensitivity presented in Eq. 4 is valid in the case of a bare sensor 
not subjected to transverse stresses. When transverse strain is applied on the 
grating, the wavelength shift becomes: 
 
∆,# =	*+ −
#!2 ,###+ + #!%!+ + *+ &- (7) 
∆,! =	*+ −
!!2 ,##!+ + #!%#+ + *+ &- (8) 
 
where n1 and n2 are the two refractive indices along the fibre transversal directions, 
as expressed from Figure 2-3. These components, combined together, result in neff 
expressed in Eq. 5 [12]. The strain components ε’1 ε’2 ε’3 are expressed in the fibre 
coordinate system.  
 
 
Figure 2-3. Optical fibre coordinate system. 
 It is to be noted that in this case two Bragg wavelength components are 
considered and, in fact, in a SM fibre the mode shape is composed by two distinct 
components, which overlap in the absence of applied transverse strain. 
Conventional interrogator systems are often not capable to discern between the 
two peaks for a small value of applied transverse strain, and usually a certain 
threshold needs to be met before being able to notice any transverse effect [11]. 
Therefore, this situation can lead to some errors in the measurement. This will be 
further investigated in Section 2.3. The two Bragg components can be averaged 
and lead to: 
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∆,./0 =	∆,# + ∆,!2  (9) 
∆,./0 =	*+ −
  !4 ,##%#+ + !+ & + #!%#+ + !+ + 2*+ &- (10) 
 
Eq. 10 can then be simplified for a bare sensor to the equivalent of Eq. 4, but 
expressed in fibre coordinate system: 
 
∆,./0 = %1 − &*+  (11) 
 
 Typical values of strain-optic coefficients and Poisson’s ratio for a bulk 
silica fibre doped with GeO2 are summarized in Table 2-1. These values lead to the 
calculation of the theoretical strain sensitivity of a DTG® bare FBG sensor in the 
1550 nm range [11],[12]. 
 
p11 p12 ν pe neff KΕ [ε 
-1
] 
0.113 ± 
0.005 
0.252 ± 
0.005 
0.16 
0.2024  
± 0.0053 
1.4459 
0.7976  
± 0.0053 x 10
-6
 
 
Table 2-1. Typical values of strain-optic coefficients for a bare DTG® optical fibre sensor [8]. 
 
 This sensitivity calculated theoretically has been found in agreement with 
the values declared by the manufacturer of the DTG® fibres inscribed in 1550 nm 
range for both 80 µm and 125 µm cladding diameters (Kɛ = 0.78 × 10
-6
) [9]. These 
values are no longer valid when the fibre will be embedded in a composite layup 
and therefore calibration tests to define the new sensitivity will be required [13].  
 
 
2.2.4 TEMPERATURE SENSING 
 
 Typical values of the thermo-optic coefficient ξ and of the thermal 
expansion coefficient αf of bulk silica for DTG® fibre are respectively 5.95 x 10
-6
 K
-1
 
and 0.55 x 10
-6
 K
-1
. By substituting them in Eq. 3, a temperature sensitivity of 6.5 x 
10
-6
 K
-1
 can be found. This value is in agreement with the Technical Data Sheet 
(TDS) of the manufacturer [9]. However, this sensitivity implies a linear variation of 
the wavelength shift with the temperature over the measurement range. Previous 
research has shown that the wavelength measurements made in a range of 
temperature between -25.5°C and 135°C highlighted an error up to 3 % using the 
approximation by Eq. 3 [13]. It becomes necessary to consider the temperature 
dependency of the thermo-optic coefficient, which is expressed by [14]: 
 
ξ = 2	3 + 4 (12) 
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On the contrary, the thermal expansion coefficient of silica proved being constant 
over a large temperature range [15]. Therefore the new expression of the Bragg 
wavelength variation for temperature change will result in [16]: 
 5,6 = 7#	53 + 7!	53! (13) 
 
where λB,ref is measured at Tref of -22.5°C and therefore ∆λB= λB - λB,ref . The two 
temperature coefficients KT1 and KT2 can be determined by a temperature 
calibration test [13]. Previous research activities have found for a DTG® fibre with 
FGBs written in the 1550 nm range the following values (Table 2-2). 
 
DTG® 125 DTG® 80 DTG® 60 
KT1 KT2 KT1 KT2 KT1 KT2 
[10
-6
] [10
-9
] [10
-6
] [10
-9
] [10
-6
] [10
-9
] 
6.323 ± 0.008 7.6 ± 0.256 6.360 ± 0.010 7.6 ± 0.104 6.37 ± 0.008 7.3 ± 0.256 
 
Table 2-2. Thermal sensitivity coefficients for DTG® fibres of different diameters 125, 80 and 60 µm [8]. 
 
 These sensitivities are obtained for a bare sensor previously annealed and 
without coating to avoid any possible influence from uptake of humidity [8]. 
Previous research work has also been investigating the temperature stability of the 
sensor response over prolonged time. Results showed that in a temperature range 
between -20°C to 150°C the effect on the Bragg wavelength shift is limited for both 
125 µm and 80 µm DTG® [8]. This is justified by the fact that the fibre is already 
exposed to annealing while the grating is inscribed by means of the UV light source. 
For temperatures higher than this limit, the wavelength tends to show a blueshift 
and this is accompanied by a decay of the peak reflectivity. The reason of this loss is 
attributed to the hydrogen diffusion occurring at higher temperatures. In fact, in 
order to achieve higher thermal stability it is common practice to anneal the fibre 
at a higher temperature cycle than what is expected from the application where 
the fibre is going to be used. In addition to this, highly photosensitive fibres, such 
as highly GeO2 doped fibres, show higher temperature stability with respect to 
conventional fibres [17]. For all these reasons, and given the fact that in the further 
research presented (Chapter 4 and Chapter 6) temperatures lower than 100°C are 
envisaged, these effects can be neglected. 
 
 
2.2.5 TEMPERATURE COMPENSATION 
 
 As already mentioned, an FBG sensor is sensitive to both strain and 
temperature variations; in fact, from Eq. 2 in Section 2.2.1, the FBG wavelength 
shift is dependent on both strain and temperature effects. Therefore, when only 
the strain contribution is desired, the knowledge of temperature is required. This 
can be achieved in several ways. In literature, several temperature compensation 
methods are proposed and were obtained either by using special fibre designs (i.e. 
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micro-structured fibres or chirped gratings) [18] or by using extra sensors (i.e. FBGs 
or thermocouples) to record separately the temperature [19]. Temperature 
insensitive optical fibre sensor design will be briefly introduced in the next section 
and it is, in any case, not the focus of this manuscript, whereas the main techniques 
of temperature compensation by means of extra temperature sensors are here 
described. This can be achieved, as already mentioned, by using a second FBG 
sensor or a thermocouple. In the case of using a second optical fibre sensor, two 
FBGs are installed in the same measurement point. One is used to sense strain and 
temperature simultaneously (FBG1), while the other only senses temperature 
(FBG2). The two FBGs are close enough, so their temperature can be considered the 
same. In order to obtain a strain-free temperature sensing FBG, the grating is 
encapsulated in a glass capillary which is sealed at its ends to avoid any strain to be 
induced to the fibre. The wavelength shifts of the two sensors will be: 
 
∆λ,#λ,# =	K,#	ΔT + K(,#	Δε (14) 
∆λ,!λ,! =	K,!	ΔT (15) 
 
For simplicity a linear temperature calibration curve has been assumed. By isolating 
the temperature in Eq. 15, substituting it into Eq. 14 and isolating the strain, the 
following results: 
 
Δε = 1K(,# 8
∆λ,#λ,# −	
K,#K,!
∆λ,!λ,! 9	 (16) 
 
which simplifies to Eq. 17 if the two thermal sensitivities KT1 and KT2 can be 
assumed equal: 
 
Δε = 1K(,# 8
∆λ,#λ,# −	
∆λ,!λ,! 9	 (17) 
 
Alternatively, when the temperature is known by direct measurement through a 
thermocouple or another temperature sensor, ∆T can be directly substituted in the 
equation, which results into: 
 
Δε = ∆λK(λ −	
K∆TK( 	 (18) 
 
Obviously, the thermocouple should be placed as close as possible to the FBG, in 
order to have precise temperature information and the dynamic response of the 
two pieces of measurement equipment should be comparable. All said so far is 
applicable in the case of a bare sensor or for a surface mounted sensor. In the case 
of an embedded sensor which is subjected to both strain and temperature 
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variations, additional precaution is needed. The response of the sensor becomes 
therefore: 
 
∆λλ =	′7	ΔT + K′(	,∆ε.;; + ∆ε<=- (19) 
 
where ΔƐapp and ΔƐth are the applied strain and the thermal strain on the fibre 
surroundings and they can be considered as total strain read by the FBG, and K’T 
and K’Ɛ the temperature and strain sensitivities of an embedded fibre. 
 
 
2.2.6 MICRO-STRUCTURED OPTICAL FIBRES 
 
A highly photosensitive fibre is capable of “detecting” transverse strain, 
but the peak separation is generally not large enough to be detected by 
conventional interrogator systems. As a consequence, only if the amount of 
transverse strain exceeds a certain threshold, the two peaks are distinguishable. 
This could be the case for the residual strains arising from production of 
composites in the autoclave process [20]. In any case, the transverse sensitivity of 
conventional fibres is quite low when compared with their axial sensitivity and this 
makes it difficult to track accurately the transverse effects [21]. As already 
introduced in Section 1.2 in Chapter 1, one of the aims of the Self Sensing 
Composites Project (SSC) was developing new sensor technologies with improved 
sensing capabilities. Amongst them, Micro-structured Optical Fibre (MOF) sensors 
were developed by the Vrije Universiteit Brussel (VUB). A multi-structured optical 
fibre is obtained by creating air holes in the fibre core. By properly designing the 
air-hole microstructure, e.g. by changing their diameter or spacing and their 
location, one can tailor the “light-guiding properties” of the fibre for specific 
applications and enhance its sensitivity in one specific direction. Higher transverse 
sensitivities can be obtained, i.e. almost double the axial strain sensitivity of a 
conventional fibre. An example of a highly birefringent micro-structured optical 
fibre doped with 7.4 %mol GeO2 is depicted in Figure 2-4 [22]. 
 
 
Figure 2-4. Cross section of a highly birefringent micro-structured optical fibre (left) and its reflected 
peak (right) [22].   
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A Bragg grating in such a fibre will return two reflection peaks corresponding to the 
two orthogonally polarized modes travelling along, respectively, the slow and fast 
axis of the optical fibre. The spectral distance ∆λB between these two peaks, 
normally referred to as the wavelength separation, is proportional to the phase 
modal birefringence [22]: 
  
∆λ = 2ΛB = 2Λ%n# − n!&	 (20) 
 
where n1 and n2 are the effective indices of the two orthogonally polarized modes. 
One of the advantages of such a fibre design is the high birefringence obtainable, 
which is exploited to track the applied transverse strains (i.e. not only the 
longitudinal one). In addition, the phase modal birefringence in this MOF is 
inherently insensitive to temperature, hence it avoids the need of any temperature 
compensation systems [23]. Since the air-hole topology is highly asymmetric, the 
transversal load sensitivity changes with the angular orientation of the applied load 
with respect to the fibre cross-section. The highest sensitivity is obtained when the 
load is applied along the slow axis of the fibre. The larger side microstructure is 
designed to guide the applied load along this Eigen axis to confine the stress into 
the core, which increases the material birefringence and hence the sensitivity. The 
specificity of this core design imposes a need to control the fibre orientation when 
surface mounted or embedded in composites. The embedding process itself is, 
most of the times, a purely manual process which lacks of reproducibility: hence 
the benefits of the sensing technology disappear. A procedure which allows 
controlling the fibre orientation after embedding is therefore required. It is worth 
to notice that, even though the fibre orientation is not required for a normal DTG® 
sensor, it is still desirable to control the fibre position after embedding. The answer 
to this research question is introduced in Chapter 5. Next, a literature review on 
SHM by means of fibre optic sensors is provided.     
 
 
2.3 OPTICAL FIBRE EMBEDDING INTO COMPOSITES 
 
 Condition monitoring of composite structures by means of optical fibre 
sensors can be achieved by simply surface mounting a pre-manufactured sensor 
patch using an appropriate adhesive [24], or the sensors can be truly embedded in 
the composite layup during stacking operations and subsequently cured, 
simultaneously with the composite production process [25]. The first approach 
allows more freedom when deciding to locate the sensors and has the great 
advantage that it can be retrofitted to existing structures. As a downside, a sensor 
line which is surface mounted is more prone to environmental conditions and could 
debond or even break. The second approach will certainly represent a more 
challenging solution from the composite manufacturing point of view, but has the 
advantage of protecting the sensors from harsh environments and potentially 
allowing a longer lifetime. Since the research presented in this dissertation focuses 
on the “mutual interaction” that follows from the embedding of different types of 
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sensors into composite laminates, the relevant literature concerning the 
embedment of optical fibres into composite materials is reviewed. As “mutual 
interaction” the author refers on one hand to the influence that the composite (i.e. 
material, layup, processing temperature, fibre compaction, …) has on the sensor 
readings and how to correctly interpret them. On the other hand, one wants to 
avoid the chance of having damages in the composite which might originate from 
the sensor disturbance.  
 
OFS may be utilized over a wide range of applications (i.e. from a small 
automotive component up to a large wind turbine blade) which lends significant 
flexibility to SHM applications. Fibre sensors have already proven to be useful as a 
monitoring tool for composite structures in operation. Todd et al. [26] reviewed 
the current methods for fibre Bragg grating wavelength interrogation and applied 
them on the load monitoring of the hull of a composite fast patrol boat and also 
monitored the bolt pre-load loss in a composite beam using a combined 
Wavelength Division Multiplexing (WDM) and a Scanning Fabri-Perot (SFP) filter 
interrogation algorithm. Di Sante [27] critically reviewed most recent research and 
applications in SHM of composite aircraft structures using OFS, considering both 
the multi-point and distributed sensing techniques. Dvorak et al. [25] chose the 
most suitable optical fibre coating material and selected appropriate process 
parameters for embedding of an optical fibre sensor network into the adhesive 
joints of a composite wing structure. He highlighted the influence that the process 
curing temperature has on the building up of residual strains in the adhesive. 
Schroeder et al. [28] installed a FBG sensor network in a horizontal-axis wind 
turbine and successfully conducted a continuous on-line monitoring test campaign 
and recorded bending loads of the rotor blades in operation.  
 
Amongst different sensing techniques, condition monitoring of composite 
structures using FBG sensors appears to be the most suited, because of their high 
resolution (±1 µε), their immunity to electromagnetic interference, their large 
multiplexing capability and their small intrusive character when embedded in 
composite materials [7],[13]. Whenever embedded in composite materials, optical 
fibres can be regarded as foreign entities which inevitably perturb the host 
structure. This depends on the larger sensor size (125 µm) with respect to the 
reinforcing fibre diameter (8-10 µm) and on the different materials stiffness. 
Already after composite production, a certain amount of residual stresses exists 
due to the intrinsic material anisotropy and the sensor obstruction [29]. Somehow, 
this initial radial stress acting on the sensor can be zeroed out in practice, and its 
influence in gauge’s sensitivity is negligible. However, due to the mechanical 
property mismatch between embedded sensor and the host structure, when 
loading the structure along the sensor’s direction, the lateral response of the 
structure may induce further radial stress on the embedded FBG fibre, and results 
in remarkable strain-optic deviation [30]. Okabe et al. [31] investigated the effect 
of thermal residual stress on the reflection spectrum of three different types of 
optical fibres, namely uncoated, polyimide-coated, and polyimide-coated small-
diameter FBG sensors, which were embedded in a Carbon Fibre Reinforced Plastic 
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(CFRP) cross-ply laminate. The reflection spectra were measured during the 
fabrication process of the laminates and it was found that these effects could be 
decreased when the optical fibre was coated with polyimide and its diameter was 
small. Pereira et al. [32] proposed a method to improve the reliability and accuracy 
of FBG strain measurements in unidirectional composites (both glass/epoxy and 
carbon/epoxy prepreg). The difference in stiffness between the sensor and the host 
material is the main cause of this non optimal strain transfer. By comparing the 
mismatch between the real strain and the strain measured by the sensor, he 
defined a correction factor expressed by a 2nd order polynomial fitting curve [33]. 
Also Luyckx [34] and Voet [35] investigated the response of uniaxial FBG sensors 
embedded in small cross-ply composite laminates subjected to out-of-plane 
transverse loading. This loading case in fact induces high birefringence. The authors 
were able at first to define a strain transfer matrix (Figure 2-5) via Finite Element 
Modelling (FEM) and then to measure and compare with reasonable accuracy the 
total strain field inside the specimen.   
 
 
Figure 2-5. Schematic representing the approach to obtain from the embedded sensor response the 
strain of the structure [34]. 
 
The strain transfer depends on the mechanical properties of the host 
material and of the sensor (Young’s modulus and Poisson’s ratio), on the lay-up of 
the composite material (unidirectional layup/cross-ply layup) and the position of 
the sensor in a certain layer. Sonnenfeld et al. [36] did the same using a MOF 
grating sensors with an optimized design for enhanced transverse strain sensitivity 
and reported on the achievement of a 5 με transverse strain resolution. More 
complex composite fibre architectures were investigated by Daggumati et al. [37] 
who measured internal strains in a woven composite laminate using embedded 
optical fibre sensors. The author presented an experimental method for 
determining the local strain distribution in the plies of a thermoplastic 5-harness 
satin weave composite under uniaxial static tensile load. The yarn interlacing 
pattern in textile composite causes heterogeneous strain fields with large strain 
gradients around the yarn crimp regions. Using the OFS results, the maximum and 
minimum strain values in the laminate inner layers were evaluated and local strain 
values at different laminate positions were compared, providing an estimate of the 
influence of the adjacent layers on the local longitudinal strain behaviour of a satin 
weave composite.  
 
Her et al. [38] investigated the thermal behaviour of a surface bonded OFS 
on a host structure. Particularly, they described analytically the stress/strain field at 
the cladding/coating sensor interface and validated it with FEM simulations. The 
CHAPTER 2: FIBRE OPTIC SENSORS 
 
 
33 
measuring sensitivity is strongly dependent on the bonding properties, including 
the protective coating, the adhesive layer and the bonding length. In fact, thermal 
stresses can be generated due to a mismatch of thermal expansion coefficients 
between the fibre and the host material. What Her confirmed, was that the 
thermal expansion coefficient of the coating does not affect the thermal strain of 
the optical fibre, since its strain cancels out with the one arising from the thermal 
expansions of the adhesive.  
 
More complexity is added if a combined strain-temperature variation is 
applied to the embedded sensor. Pereira et al. [39] proposed a method for 
independent strain and temperature measurement using two SM FBG sensors 
embedded in the specimen material with a certain angle between each other. 
During temperature variation, both FBGs show the same signal response, whereas 
for any applied load the signal response is different, due to the different strain 
components acting on the sensors. Tanaka et al. [40] instead designed two 
different devices based on the FBG sensor principle which were temperature-
compensated themselves. One of them consists of an FBG embedded in an epoxy 
plate constrained by two CFRP 90° plies. Changes in temperature cause the OFS to 
deform laterally generating birefringence that could be used to detect the 
temperature variation and improve the strain measurement accuracy.  
 
An important question which is not fully addressed in literature concerns 
the long-term stability of the response of an embedded sensor. In fact, in a 
laminate with complex fibre-architecture or layup which is loaded cyclically, the 
occurring damage might induce a redistribution of the strains. Therefore, the  
response  of the sensor may vary. For instance, the change in transverse strain on 
the laminate might alter the birefringence captured by the sensor. To answer this 
question, in Chapter 5, a set of fatigue experiments on composite laminates 
carrying embedded FBG sensors was performed by the author. Information on the 
damage evolution of the laminate could be derived from the sensor readings. The 
long-term performance of the sensors was assessed via a non-destructive 
technique based on X-rays. The strain transfer on the sensors was maintained 
throughout the tests and, in most of the cases, no fibre/composite debonding was 
observed.          
 
 
2.4 FIBRE EGRESS DESIGN 
 
 Another crucial aspect regarding the feasibility of using fibre optics in SHM 
applications is the “sensor connectivity to the outside world”. In other terms, the 
optical fibre needs to egress the laminate in order to be connected to the readout 
unit. The fibre egress represents a weak point where failure might occur due to the 
abrupt stiffness transition and the lack of continuity. Without adequate strain 
relief, a fibre exiting from a cured composite part faces a point of strain 
concentration at the exit point [41]. The classical approach or solution to the fibre 
egress point design consists of a reinforced cable: normally the fibre is slipped into 
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a Teflon tubing (e.g. diameter 1.1 mm) which is inserted in its turn into a reinforced 
cable (e.g. diameter 3-5 mm). This provides continuity to the fibre since the 
reinforced cable is also embedded for a certain length into the laminate. 
 
Other solutions make use of commercial or specifically developed 
connectors which are mounted on the edge or onto the surface of the composite 
laminate [42],[43]. If the egress point is located on the top (or bottom) surface of 
the laminate, a cut through the layers is required in order to let the fibre reach the 
desired embedding depth [44]. This of course represents also a limitation, since the 
notched part of the laminate might be subjected to premature damage. Other 
solutions foresee the embedding of the connector into the edge of the laminate 
[45]. This inevitably reduces the static strength of the laminate at the egress point 
region, mainly due to the extensive ply waviness that occurs when fibre-optic 
ferrules are embedded. This reduction in strength can, however, be smaller when 
cut-outs are made to accommodate the embedded fibre-optic ferrules [46]. In 
Figure 2-6, an overview of the different solutions adopted for the optical fibre 
egress point is provided.  
 
 
Figure 2-6. Overview of the most adopted solutions for the fibre optic egress point: (a) fibre protected 
with Teflon tubing, (b) with reinforced cable, (c) surface mounted connector and (d) embedded edge 
connector.   
 
Other approaches to read out the sensor signals have been proposed in 
literature, amongst them the author would like to cite the results of the FP7 
European Project Smartfiber to which he also collaborated. The Smartfiber project 
objective was the development of a complete fibre optics strain monitoring 
network with miniaturized readout unit to be embedded as a whole in the 
composite structure [47]. In Figure 2-7, an overview of the technologies developed 
in the FP7 project is given. The final demonstrator to prove the functionality of the 
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readout system was a tidal turbine. In this case, the data transfer and the power 
supply were intended to be wireless with a resulting advantage of not having weak 
spots, such as cables, at the composite laminate edge. Another advantage of this 
approach is related to the composite production process. In fact, the last 
production stage of a composite part is often the trimming of the laminate edges to 
the final component shape. Therefore having optical fibre cables egressing the 
laminate represents a limitation. This can be in some cases be circumvented by 
developing a net-shape process with no trimming involved. 
 
 
Figure 2-7. Concept developed in the Smartfiber Project: (a) technological demonstrator of a CFRP 
propeller with embedded FBG based monitoring system. Wireless powering and data transmission is 
envisaged. (b) All of the technologies developed in the Smartfiber project, which are then combined to 
create a smart composite.  
 
In addition, aspects related to the production process compatibility need 
also to be considered when opting for one or the other fibre egress design. It might 
be that due to a closed-mould composite production (i.e. resin transfer moulding, 
hot press forming, …) the possibility of having an embedded edge connector will be 
limited by the high fibre preform compaction, for example. The maximum process 
temperature could represent another limiting factor to avoid if the egress cable 
would melt. In any case, care should be taken in order to protect the egress, and in 
particular the optical fibre, from getting in contact with the resin during the 
production. In fact, the resin will inevitably embrittle the fibre, with the increased 
risk of breaking it during demoulding of the composite part. More insights on the 
fibre optic egress point design will be introduced in Chapter 6, when discussing 
about smart composite structures produced by the Resin Transfer Moulding (RTM) 
process. 
 
   
2.5 CONCLUSIONS 
 
 For some FBG monitoring applications the up-to-now developed solutions 
may already be considered relatively mature, i.e. at a Technology Readiness Level 
(TRL) of 5–6, however the lack of a standardization from certified bodies (e.g. TUV, 
ISO, ASTM, … ) does not allow their employment. Nevertheless, some of the most 
CHAPTER 2: FIBRE OPTIC SENSORS 
 
 
36 
relevant issues regarding the deployment and use of OFS in composites, such as 
mechanical coupling, fibre protection and the spectral response of embedded 
sensors, still need thoughtful investigation. In fact, despite their small intrusive 
character, uncertainty still exists on the quality of embedding, on the exact position 
after production, on the embedded sensor’s measuring accuracy [7] and on their 
interaction with the composite during the whole lifecycle of the structure [20]. 
Through this dissertation, the author aims to address these questions. Particularly, 
in Chapter 5 some of the arising problems which can occur when embedding 
optical fibres in composite materials are introduced. Questions concerning the 
criticality of the embedding, which might cause early damage of the composite are 
ascribed. Insights on how to interpret sensor readings after embedding are also 
addressed.  
 
Another relevant aspect on the embedding of optical fibres concerns the 
egress point from the laminate. A brief literature review revealing which are the 
most adopted solutions has here been presented. In Chapter 6, a fibre egress 
solution which enables integration of fibre optics sensing to RTM production 
applications is proposed. The design of the egress allowed to safely demould the 
produced part without harming the sensor lines. The proposed solution did not 
require any change to the mould design. 
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3 
CAPACITIVE SENSORS 
 
 
 
 
 
 In this Chapter, a first general introduction on cure monitoring of 
polymers, more precisely of composites, is provided. A literature review on the 
most commonly used techniques to quantify the degree of cure of polymers is first 
introduced and followed by a more deep search on the relevant work about Di-
Electric Analysis (DEA). After giving some theoretical background and insights on 
the polymer curing phenomenon captured by DEA, the focus shifts towards the 
Interdigital sensor design developed by the Centre for Microsystems Technology 
(CMST) of Ghent University within the framework of the SSC project. Two different 
sensor designs are considered. After their manufacturing, the sensors have been 
characterized and their performances are here compared. In the second part of the 
chapter, the sensor network design and manufacturing are discussed. Two different 
designs are considered in this case too. Only the latest one is here described. 
Finally, some insights on the sensor network/composite interaction after 
embedding are given. This Chapter links then directly with Chapter 4 and Chapter 6 
that will introduce the results on cure degree monitoring of composites.  
 
3.1 INTRODUCTION 
 
 The aim of the research project was not limited to perform Condition 
Monitoring (CM) of composite structures only in operation, but during their whole 
lifecycle. Particularly, the greatest interest is in gathering useful information during 
their production phase, with the aim of gaining understanding over the variables 
influencing the process. The process parameters of interest are summarized as 
follows: 
- Temperature, 
- vacuum level, 
- pressure, 
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- presence of leaks, 
- resin flow inside the mould, 
- cure degree (rate), 
- residual strains. 
 Amongst these process parameters, the easiest to control are definitely 
pressure, vacuum and temperature. Often, in closed-mould production there are 
no visual inspection aids to understand if the composite preform has been fully 
impregnated or if the resin has sufficiently cured to allow demoulding. As already 
mentioned, composite materials offer the advantage of embedding sensors in 
between the stack of plies for monitoring the whole composite lifecycle. 
Production Monitoring (PM) enables, for instance, the control over the resin flow in 
the mould or the polymer degree of cure. This Chapter will focus mainly on these 
two aspects of PM. Additionally, during curing and cooling down of the part, a 
certain amount of residual stresses is generated. Caused by the chemical shrinkage 
of the composite resin, the mismatch in the Coefficients of Thermal Expansion 
(CTE) of the materials and the part/mould interaction, they can, in many situations, 
reduce the composite part lifetime [1]. Therefore, limiting the excessive building-up 
of residual stresses (or strains) is of importance to avoid the presence of cracks 
already after production, or to avoid distortions in complex part geometry. These 
matrix cracks might lead, in fact, to a premature failure of the part in operation if 
they develop into larger damage and then into delaminations [2]. On the other 
hand, the resin’s mechanical properties can be enhanced by increasing its Glass 
Transition Temperature (Tg), that is defined as the temperature of a thermoset 
polymer where it transforms from rigid to rubbery state. For instance, for the 
Araldide® LY1564 Aradur® XB3485 epoxy system from Huntsman® (The Woodlands, 
TX, USA) an higher curing temperature leads to an higher Tg [°C]. This leads to a 
lower Young modulus E [MPa] and a higher elongation to failure εutf [%], which 
comes with a minimal reduction of the tensile strength to failure σutf [MPa] [3]. In 
other terms this polymer becomes tougher and this is advisable if an increased 
damage tolerance is required. However, resin formulations might differ 
significantly one another and therefore such a reasoning cannot be generalized. In 
this case the polymer Tg can be increased by increasing the curing temperature (up 
to a certain limit) to which follows also a reduction of the curing time. This is 
certainly a favourable compromise from an industrial point of view, where 
decreasing the production time leads to an increase of the profitability. But this 
optimization problem has to account for quality constraints too. In fact, a higher 
curing temperature implies also a larger cooling-down to room temperature, which 
in turns means higher residual strains that could lead to part distortions. At this 
point the reader will understand the intimate connection existing between residual 
strain development and degree of cure [4].  
 
In Figure 3-1, three examples of composite production processes are 
introduced. These were used throughout the whole SSC project. Vacuum Assisted 
Resin Infusion (VARI) makes use of a reference mould (flat glass mould in the case 
of Figure 3-1a), where the reinforcing fibre layers are laid-down and a vacuum bag 
is sealed around the mould edges. Then vacuum is applied inside the bag and by 
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means of one or more resin inlets and outlets the fibre preform is impregnated. 
Based on the resin technical datasheet, a certain curing profile is then imposed 
and, once that the resin has cured, the composite part is demoulded by removing 
first the vacuum bag. This process does not require any external applied pressure 
or counter-mould and has the advantage of allowing tailored solutions for 
producing composite parts of large dimensions.    
 
 
Figure 3-1. Schematics and examples of composite production processes used in this research work: (a) 
VARI, (b) Autoclave, (c) RTM.   
 
 When higher part quality is envisaged, the most suited production process 
is the autoclave process (Figure 3-1b), which exploits the pressure and temperature 
generated inside a closed chamber (large autoclaves can reach dimensions up to 
tens of meters, e.g. to accommodate an aircraft wing or fuselage) to improve part 
compaction and enhance mechanical properties. On the right hand side of Figure 3-
1b, the lab-scale autoclave facility available at the Department of Materials Science 
and Engineering of Ghent University is depicted. When higher finishing quality and 
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lower production time are key requirements, the often chosen production process 
is the Resin Transfer Moulding (RTM). The latter makes use of a closed-mould 
containing a fibre preform, which is impregnated with resin flowing generally at 
high pressure and temperature inside resin mould-channels. Usually in both cases, 
autoclave and RTM, vacuum is applied in order to lower the chance of having air-
voids trapped in the composite part. Figure 3-1c (right hand side) depicts the RTM 
mould used to produce an automotive rear-suspension control arm of which, more 
information on its production process monitoring, will be disclosed in Chapter 6. 
The last two production processes obviously do not allow in-situ visual inspection 
of the part during production and therefore uncertainties about the correct mould 
filling and full laminate impregnation exist. 
  
Since in this dissertation the cure monitoring results presented are 
obtained mainly from epoxy resin systems, the author will spend a few words on 
the resin chemical composition. However, it is not the intention to go too much 
into details, since from a research standpoint this is out of scope. A number of 
epoxy monomers and hardeners with different properties have been developed 
(the first epoxy resin was synthesized at the end of 1930’s). Epoxy-based resins are 
characterized by very good mechanical properties and adhesion, yet present good 
flexibility, excellent dielectric properties and resistance to moisture and thermal 
shocks. Resins normally used in VARI processes have very low molecular weight (i.e. 
start-off as two liquid components and have very low viscosity when mixed) which 
makes them easy to infuse. The monomer has epoxy groups usually at each end of 
its structure and a curing agent (hardener), usually diamine, is required to obtain a 
cured solid resin. The most used epoxies are: Bisphenol A (DGEBA), Bisphenol F 
(similar to DGEBA but lower viscosity), Novolac (EPN and ECN, high temperature 
and chemical resistance with low flexibility), Aliphatic (low viscosity 20-100 cP, 
mostly used to modify other resins) and Glycidylamine (high temperature 
resistance and high mechanical properties, good for aerospace applications) epoxy 
resins. In Figure 3-2, a schematic of the Bisphenol-A diglycidyl ether epoxy molecule 
is presented.  
 
 
Figure 3-2. Bisphenol-A diglycidyl ether epoxy (DGEBA): (a) Epoxy group structure, (b) structure of 
repeat unit, (c) spatial molecule with the atoms represented as spheres with conventional colour coding: 
hydrogen (white), carbon (dark), oxygen (red).     
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An important criterion for epoxy resins is the epoxide, or epoxy group, content, 
expressed as the epoxy equivalent weight (number of epoxide equivalents in 1 kg 
of resin). The equivalent weight or epoxide number is used to calculate the amount 
of co-reactant (hardener) to use when curing epoxy resins. Epoxies are typically 
cured with stoichiometric or near-stoichiometric quantities of compounds to 
achieve maximum physical properties. During the curing process, the oligomers 
constituting the two-component resin start to cross-link to create a structured 
network of polymer chains. The resin viscosity drops initially upon the application 
of heat, passes through a region of maximum flow and begins to increase as the 
chemical reactions increase the average length and the degree of cross-linking 
between the constituent oligomers. This process continues until a continuous 3-
dimensional network of oligomer chains is created. This stage is termed gelation 
and sets a distinct change in the processability of the resin, since after this point 
the chain-mobility is very limited. The resin micro-structure is fixed and severe 
diffusion limitations to further cure are created. But the gelation does not 
correspond with the glass transition temperature, which is only achieved with the 
vitrification stage. The vitrification is defined as the transformation from rubbery to 
glassy state and it occurs when bonding between the polymer chains becomes 
higher than a certain threshold value.  
 
Cure monitoring methods give a significant insight to the chemical process 
and define process actions towards achieving specific quality indices of the cured 
resin systems [5]. Thermoset polymer resins for composite production (epoxies, 
vinylester, polyester, …) can have very different cure behaviour, yet these 
techniques can be extended to any cure monitoring characterization. Several 
techniques exist to gather information on the cure behaviour of a polymer, since its 
physical properties change can be captured by means of different probes/systems. 
For instance, the change in polymer viscosity can be analysed by Dynamic 
Mechanical Analysis (DMA) where two parallel plates are placed between the 
Material Under Test (MUT) and exited by a sinusoidal force while its strain 
response is recorded and used to define its complex modulus (i.e. ratio of stress to 
strain under vibratory conditions). With a viscous material, as at the initial stage of 
curing, the strain response has a lag of about 90° with respect to the applied stress, 
whereas at the end-of-cure the elastic response of the polymer shows that stress 
and strain occur in phase [6]. Other methods rely on the change of the material 
dimensions during curing which are captured by high-precision optical 
measurement devices or by dilatometers [7], or by using the propagating speed 
change of a wave travelling into the material [8]. Very accurate as well is the 
Raman Spectroscopy method, which relies on the scattering effect of an incident 
monochromatic light on molecules of the MUT. This interaction causes vibrations of 
the molecule, its excitation and consequently reemission of a photon with changed 
wavelength in comparison with the initial one. The wavelength differences are 
characteristic for each constituent of the MUT. This allows providing a unique 
chemical “fingerprint” of every individual substance and their evolution can 
therefore be tracked [9].  
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However, amongst all the methods described, common practice in industry for 
large production series or high-end applications, is characterizing the resin curing 
cycle on a reference sample using Differential Scanning Calorimetry (DSC). This 
technique allows defining the glass transition temperature Tg [°C] of the polymer 
and its degree of cure curve by measuring its heat flow during a defined curing 
profile (i.e., usually isothermal) [10]. The heat of reaction is defined as: 
 
 =  

	
 (1) 
 
where Hr is the total heat of reaction given from the beginning of curing till time t 
when the curing has finished and dQ/dt is the heat flow-rate per unit mass. The 
degree of cure is then calculated as:  
 

 = 1 −  (2) 
 
with Hs the heat of reaction of the MUT [11]. Figure 3-3 shows the result of a non-
isothermal DSC experiment, where the heat of reaction is calculated by using a 
“blind curve”. The latter is obtained by performing a temperature sweep on the 
fully polymerized sample. The difference between the two curves gives the energy 
dissipation of the polymerization process.      
 
 
Figure 3-3. Non-isothermal DSC diagram performed on an epoxy resin. 
 
 Due to limitations of the DSC apparatus itself, only small samples of 
material (i.e. less than 100 mg in mass) can be characterized. This represents a 
strong limitation in the applicability of such method to full scale industrial 
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components, where the resin content might vary significantly depending on 
geometry or temperature variations.  
 
To overcome this limitation, other more suitable methods that can be 
applied in-situ during the production process have been proposed. Several studies 
on process monitoring of composite materials using different types of sensors can 
be found in the literature. For instance, Kikuchi [12] explored several types of 
electrical and optical sensors (both surface mounted and embedded) for the 
purpose of monitoring resin moulding processes. More specifically, Yildiz et al. [13] 
used both FBGs and Edge Fibres (EFs) to monitor the resin flow front inside a closed 
mould. They followed the curing process by means of Fresnel Reflection 
Refractometry (FRR) sensors, a special type of optical fibre with a cleaved end-facet 
capable of detecting the refractive index change of the surrounding resin material. 
Measuring the light intensity variation throughout the curing process allows 
retrieving the resin curing degree curve. Although this sensor is very small in 
dimensions and can easily be placed between two composite plies (i.e. very limited 
layer distortion), it does not allow multiplexing (i.e. only one sensor per optical line 
is allowed) and is also difficult to interpret. Dunkers [14] has used specifically 
developed long-period gratings with a fluorescent coating to monitor the flow of a 
polymer inside a mould along the whole fibre length. The equipment he has used, 
required a very costly optical spectral analyser unit and this represents for most 
industrial production processes a strong limitation to its applicability. Nevertheless, 
these different types of optical sensors were meant to be disposable. Keulen et al. 
[15] partially solved this problem by designing a mould with surface integrated EF 
sensors, so that they could be reused. However, up-scaling the single sensor into a 
sensor network, capable of measuring the curing over the whole mould area 
becomes challenging and also costly.  
 
On the contrary, electric sensors are relatively cheap to manufacture and 
can therefore be disposable if embedded in a network or, in a more costly 
configuration, integrated into the mould. Danisman et al. [16] have developed a 
point-voltage sensor network which was integrated inside a planar rectangular 
mould and they proved that such a point-sensor is capable of capturing the resin 
flow even for fast injection processes.  
 
Among all kinds of electrical sensors, capacitive sensors are more widely 
used for cure monitoring of composites. During the curing process in fact, the 
dielectric properties of the polymer change and these sensors measure a decrease 
in capacitance that is then related to the degree of cure. The Di-Electric Analysis 
(DEA) measuring technique relies on this principle. This technique proved to agree 
well with the results obtained by the generally accepted standard DSC technique, 
as it was shown by Hardis et al. [17]. It is worth emphasizing the advantages that 
the DEA technique has with respect to other. In a nutshell, these reasons can be 
summarized as:  
- enabling in-situ cure degree measurements,  
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- being a relative low-cost technology to justify disposable sensors, 
- up-scalability to a sensor network for composite parts monitoring of large 
dimensions.      
Proof of this is given by the work of Yenilmez et al. [18] who embedded a 
grid of 50 dielectric sensors in the walls of a mould to monitor RTM on-line mould 
filling and curing of the resin in a composite flat plate. However, this bulky system 
was designed to be integrated with the RTM mould and therefore could only be 
used for manufacturing of flat plates. Kobayashi et al. [19] proposed a patch-type 
flexible matrix of sensors based on permittivity measurements. Multiple electrodes 
and wirings allowed for multipoint cure monitoring experiments on a flat CFRP 
plate and an actual aircraft curved structure. Boll et al. [20] developed a 
miniaturized flexible capacitive sensor which could actually be embedded in a CFRP 
laminate to measure the degree of curing during manufacturing. The obtained 
sensor’s thickness was in the order of magnitude of the carbon fibre thickness, 
having therefore the great advantage of not disturbing the composite 
microstructure. However, such a sensor, besides being very expensive from a 
manufacturing perspective, it is also quite impractical from an industrial 
standpoint, since its integration in composite manufacturing will require intensive 
training of the workers. Yang et al. [21] have designed and fabricated a flexible 
dielectric sensor network based on inter-digital electrodes. The system was 
fabricated by flexible circuit board technology, which combines low cost per unit 
area and high extendibility with off-the-shelf electronic components. The 
measuring system was successfully applied to monitor the production of GFRP 
composites fabricated by VARI process.  
 
After a tangible proof of the applicability of the sensing technology to 
composite production cure monitoring, the focus will move into explaining the 
sensing principle and link it to the physical phenomenon of curing. Therefore, in the 
following paragraph a description on the theory behind DEA will be given. 
 
 
3.2 DIELECTRIC CURE MONITORING ANALYSIS 
 
 One of the first studies on monitoring of composite cure by Dielectric 
Analysis was published in 1976 by Martin; several others followed. The most 
relevant results falling within the scope of this dissertation will be listed and 
discussed. As mentioned in Section 3.1, during the curing, the physical and 
chemical properties of the polymer change. Particularly, the change in dielectric 
properties can be monitored by means of DEA in order to define the curing 
evolution. A capacitive sensor is placed directly in contact with the resin (dielectric) 
and an AC current, sweeping in frequency, is applied to its electrode [22]. For 
simplicity, at this moment a conventional parallel plate capacitor as the one 
depicted in Figure 3-4a will be considered.  
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When the electric field is generated across the faces of a parallel plate 
capacitor, the atomic and molecular charges in the dielectric are displaced from 
their equilibrium positions and the material is said to be polarized. Different 
mechanisms can concur in inducing polarization: one of these arises when 
electrons are displaced from their equilibrium positions with respect to the atomic 
nucleus and an induced dipole moment, called electronic polarization, is produced.  
 
 
Figure 3-4. Schematic representing the two phenomena occurring when an electric field is created in a 
polymer medium during curing: (a) ion mobility and dipole rotation at the beginning of cure and (b) 
limited ion mobility due to cross-linked polymer towards the end-of-cure.    
 
Another kind of polarization is found in molecules that consist of two 
different kinds of atoms. Since the electron distribution in those molecules is not 
symmetrically shared, the polarization results in the presence of two ions with 
opposite charge that will cause deflection of the ions and induce a dipole moment 
called atomic polarization. The resonant frequency of this polarization has a low 
dielectric loss in the frequency range from 10
-4
 to 10
+11
 Hz, which is commonly 
utilized in the dielectric studies of polymeric materials [23].  
 
Many polymers contain also permanent dipoles which align permanently 
in the direction of the applied field. However, unlike electronic and atomic 
vibrations which occur at high speeds according to their electronic and atomic 
vibrations, the orientation of these dipoles is not instantaneous but time-
dependent, as it involves cooperative motions of polymeric chains in a viscous 
medium. The delayed reorientation of dipoles upon removal of the electric field is 
called dipole relaxation [24]. Dipole orientation (or relaxation) is one of the two 
major phenomena that contribute to the dielectric response of polymeric 
molecules.  
 
In addition to the three mechanisms described above, migration of free 
charges, such as ions, which are almost always present in dielectric materials can 
also occur. The migration of ions represents the second major phenomenon that 
contributes to the dielectric response of polymers.  
 
There are two additional effects inducing polarization that one must be 
aware of for a correct interpretation of the experimental results. The first is the 
electrode polarization, which results from the accumulation of ions at the polymer-
electrode interface (ionic conductivity is non-ohmic because of the electrode 
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polarization). The second aspect is the polarization due to the build-up of charge 
in interfaces (or interphases) of heterogeneous systems (e.g. composites).  
 
In summary, the two major components of the dielectric response of 
polymers in an applied electric field are (i) dipole polarization and (ii) free charge 
migration. Those two phenomena occur simultaneously and, moreover, are often 
accompanied by electrode polarization. The separation of the contributions of 
dipole orientation and free charge migration to the overall dielectric response can 
be obtained with a wise choice of experimental frequencies, as shall be discussed 
later. Choosing a single well defined parameter to correlate the dielectric response 
to the chemo-rheology of network formation will allow the fundamental dielectric 
modelling of cure. 
 
 In the absence of any applied electric field, the ions and dipoles are 
randomly oriented. When an alternating electric field is induced, the dipoles will try 
to orient according to the direction of the electromagnetic force field. Since the 
reorientation of the dipoles is not immediate, when the electric field changes, a 
delay between the applied voltage and the induced current will occur. This can be 
seen in Figure 3-5. 
 
 
Figure 3-5. Signal response from a DEA measurement. 
 
By measuring the change in amplitude and phase shift between the output 
and the input signals, the complex permittivity of the material ε* can be measured. 
The latter is defined as: 
 
ε∗ = ε − ε (3) 
 
with εꞌ the permittivity [F/m] of the material and εꞌꞌ the dielectric loss [-]. The 
dissipation factor DF can be defined as the ratio between the dielectric loss εꞌꞌ and 
the permittivity εꞌ, which is also equal to the tangent of its loss angle δ: 
 
 = ε′′ε = 	δ (4) 
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These three defined parameters describe the polarization of a dielectric material by 
dipole orientation in an applied electric field. However, in addition to the dipole 
orientation phenomenon, a free-ion migration is also taking place concurrently. 
The loss factor can therefore be split by the contribution of the ions migration ε''ion 
and of the dipoles oscillation ε''dipole [22]: 
 
ε = ε + ε   (5) 
 
The conductive component ε''ion can be expressed by: 
 
													ε!"# =	 σ2πfε	 (6) 
 
where σ [S/m] is the ion conductivity, f [Hz] the frequency at which the signal is 
acquired and ε0 [F/m] is the permittivity of vacuum (8.85 × 10
−12
 F/m). At the early 
curing stage, the resin viscosity is very low and the ions freely moving into the 
medium can result in a significant increase of ion conductivity σ. When low 
frequencies are considered, this contribution can become the predominant one 
and the dipole reorientation effect ε''dipole can therefore be neglected: 
 
ε!"# ≫ 	ε)!*"+, 	→ 	 ε = σ2πfε	 (1) 
 
 When dipole orientation is the principal dielectric event in a polymer, 
experimental results are usually presented in plots of dielectric constant and 
dielectric loss as a function of frequency with temperature as a parameter. Some 
attention should also be paid to a possible polarization effect which can occur at 
the sensor electrodes, where free ions accumulate and could result in distorting the 
measurements [25]. In addition, the ion conductivity σ, which is as previously 
stated directly related to the ion mobility, can be related to the ion viscosity [Ω/m] 
through the equation:  
 
.	/01.02 = 	 1σ (8) 
 
 The ion viscosity is physically related to the resin viscosity and therefore 
an idea of the curing evolution can already be obtained when looking at the ion 
viscosity curve. In Figure 3-6, an example of an ion viscosity diagram obtained from 
a production monitoring test on a prepreg material produced by autoclave is 
presented [26].  
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Figure 3-6. Example of an ion viscosity curve (resin viscosity) obtained from DEA [26].  
 
As the curing evolves, the mobility of the ions and the rotation of the 
dipoles become more and more limited. This results into decreasing ion mobility 
and a relaxation of the dipoles. According to Hardis et al. [17], the curing evolution 
is described by the function: 
 
α4t6 = 	 7.84ε9
 6 − 7.84ε6
7.84ε9 6 − 7.84ε: 6 (9) 
 
where α is the percentage of cure at time t, ;9  is the loss factor measured at the 
minimum ion viscosity (max ion conductivity), ε the loss factor at time t and ε:  is 
the loss factor at the end of curing. As an example, the cure degree behaviour 
obtained for a UV curing of a flexible sealant based on an epoxy resin is presented 
in Figure 3-7 [27]. The logarithmic of the ion conductivity (i.e. cure rate) is plotted 
versus time.   
 
 
Figure 3-7. Example of cure degree curves derived by DEA (i.e. ion conductivity component of the 
dielectric loss factor) on a fast-curing epoxy system [27]. 
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Research has also been conducted on trying to model the curing behaviour in order 
to predict its variation in function of e.g. temperature or chemical components 
content. Two different approaches to the problem exist: (i) a phenomenological 
approach that measures the change of some characteristics in the system and 
proposes an equivalent circuit that tries to predict its response and (ii) a molecular 
or mechanistic approach that describes the behaviour of polymers at molecular 
level. The former approach is semi-empirical, thus it does not require many insights 
of the molecular behaviour of the polymer. Molecular theories are inevitably more 
difficult to develop and often not required, since the phenomenological approach is 
usually capable of predicting the global response of the system under various 
conditions quite successfully. It is not the aim of the author to further discuss these 
two approaches, but as an illustrative purpose, in Figure 3-8, a typical electric 
circuit representative of the capacitive measurement system (polymer, sensor and 
readout) is presented.  
 
Figure 3-8. Schematic representation of a four-parameter dielectric model. 
 
According to this scheme, Eq. 5 can then be rewritten as: 
 
;4<6 = ; + ;  = 1=<>	 =
1
=?<>? +
1
=@<>@ (10) 
 
where C0 is the capacitance of the capacitor in air and Cx, Cy, Rx and Ry the 
capacitive and resistive components of the ionic and dipole relaxation effects 
respectively [23]. This simplified model often needs the aid of more complex FEM 
simulations. These numerical models are based on heat conduction equations, 
which are modified to account for the resin curing phenomenon. A transient 
thermal transfer process with non-linear internal heat generation source is often 
used. This is necessary because of the exothermic reaction generated during the 
curing [28].  
 
In order to capture the different contributions of the dielectric response of 
a polymer curing, the sensor shall be optimized. Amongst different sensor 
geometries, the interdigital capacitor with two coplanar electrodes was considered 
in this dissertation. Next, its main features and advantages are described. 
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3.3 INTERDIGITAL CAPACITIVE SENSORS 
 
 The two-parallel plate sensor design described in Section 3.2 is regarded 
as the most straightforward sensor type because the resin (dielectric) contained 
between the electrodes forms itself a capacitor. For this configuration, the MUT is 
sandwiched between two parallel plates and the material’s bulk dielectric 
properties can be analysed by modelling the dielectric with an equivalent circuit of 
a capacitor and a resistor in parallel (Figure 3-8). Conversion of the measured data 
to the material’s dielectric properties using this method can easily be achieved 
[17],[18],[27]. Because of the sensor geometry, the capacitance is a function of the 
distance between the plates and in order to have reliable measurements, this 
should remain constant throughout the process. However, since the resin 
undergoes a chemical and thermal shrinkage during curing, this distance varies. 
Therefore, a continuous recalibration of the system would be required. In addition, 
the A/d ratio (A: area of the plate, d: distance between the plates) should be as 
large as possible to allow sufficient sensitivity, which makes it more complex for 
composites with either complicated geometry or thicker laminate regions. 
Moreover, this method requires two electrodes, one at each side of the mould, 
limiting its applicability for single-sided mould manufacturing techniques. An 
interdigital sensor (IDS) overcomes the above-mentioned issues by constructing 
both electrodes in the same 2D plane. Basically, the operating principle of a planar 
IDS follows the rule of two parallel plate capacitors, where the electrodes have 
been made coplanar to provide a one sided access to the MUT. The difference 
between the electric field lines of the parallel plate capacitor and of the IDS is 
shown in Figure 3-9.  
  
 
Figure 3-9. A fringing field IDS can be visualized as: (left) a parallel-plate capacitor whose (middle) 
electrodes have been made coplanar to provide (right) a one-sided access to the MUT. 
 
 When an electric potential is applied between the anode and cathode of 
the sensor, an electric field is created between the electrodes, and extended to the 
space on both sides of the finger structure to a certain distance. The distance that 
the majority of the fringing electric field is able to reach is usually called the 
penetration depth of the sensor, determined by the spatial wavelength of the 
structure. Since the electrode pattern of the IDS can be repeated many times, its 
capacitance can be increased resulting in a higher signal-to-noise ratio [29]. The 
term ‘‘interdigital’’ refers in fact to a digit-like or finger-like periodic pattern of 
parallel in-plane electrodes. As an example, in Figure 3-10 a conceptual design of 
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an interdigital capacitive sensor is proposed. Many different sensor designs have 
been investigated and a lot of different sensor models/sizes are commercially 
available. 
 
 
Figure 3-10. (a) Simplified schematic of an IDS, where w stands for the width of each finger, g stands for 
the gap (spacing) between fingers, and L stands for the finger length, and (b) an in-house sensor realized 
by PCB-based technology. 
 
Many works on IDS designs can be found in literature but it is not in the 
author’s intention to discuss them. For the interested reader further details on IDS 
designs can be found in Mamishev et al. [30]. However, since great focus in this 
dissertation is put onto understanding the sensor/composite interaction it is worth 
mentioning the work of Boll et al. who developed a miniaturized flexible capacitive 
sensor based on interdigitated structures and embedded it into CFRP to measure 
its degree of cure during manufacturing. The sensor array consisted of 1024 gold 
electrodes with an electrode width and spacing of 3 μm creating an active area of 
18.4 mm
2
. The sensor’s thickness of about 6 μm was comparable with the diameter 
of the reinforcing carbon fibres. In fact, such a thickness only marginally interrupts 
the integrity of the composite material [20].  
 
 
3.3.1 SENSOR DESIGNS AND FABRICATION 
 
 Sensor design and fabrication of the IDS used in this work were realized by 
the Centre for Microsystems Technology (CMST) of Ghent University. The major 
requirements for the design were an enhanced sensitivity and a low-cost 
production method without compromising the sensor reliability. In order for the 
DEA to progress from lab to industry level and to reach its full potential, the 
reliability and sensitivity of the sensor system should be enhanced, whereas the 
fabrication of such a system should be simple, cost effective, and allow for mass-
production. In contrast with a parallel plate sensor, the geometrical stability of the 
IDS allows more reproducible results. Moreover, the capability of accessing the 
MUT from only one side makes it applicable to manufacturing methods using 
single-sided moulds. However, the use of IDS has been mostly limited to a well-
controlled environment with minimal environmental noise and disturbance. After 
analysing these aspects related to sensor applicability and manufacturing, two 
different sensors designs have been considered: namely a conventional single-
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ended and an improved double-ended interdigital capacitive sensor design. A 
schematic of a conventional IDS, which features a parallel in-plane set of electrodes 
with a periodic pattern on top of a substrate, is shown in Figure 3-11a. The 
electrical field between the driving and sensing electrode penetrates both the 
upper and lower half region of the sensor plane (Figure 3-11c). As a result, the 
dielectric below the substrate (carrier board) is outside the region of interest but 
will influence the sensor response and sensitivity. This design is preferred if the 
MUT would surround completely the sensor, as it could be the case for embedding 
in a composite laminate. The second IDS design features a copper layer below the 
substrate, which shields the sensor from the dielectric beneath (Figure 3-11b) and 
allows for higher capacitance values. W, g, L stand for the finger width, spacing 
between fingers, and finger length respectively. FEM analyses were performed 
using the “Electrostatics” interface of COMSOL Multiphysics® (Burlington, MA, USA) 
to examine the electrical field in the proximity of the IDS surface region. A cross-
sectional view of the electrical potential distribution for both the conventional and 
improved IDS is shown in Figure 3-11c and d. For the former, the electrical field 
between its anode and cathode penetrates through both the MUT and substrate.  
 
 
Figure 3-11. (a) Comparison between single-ended and double-ended IDS: (a) geometry of a 
conventional single-ended and (b) double-ended IDS. (c) FE simulation shows the cross-sectional view of 
the conventional single-ended and (d) shielded IDS of half wavelength. Inset highlights the electric 
potential distribution between the top and bottom electrodes. (e) Cross-sectional schematic of half 
wavelength with a superimposed equivalent circuit model for conventional single-ended and (f) double-
ended IDS. 
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The ε* of the carrier board influences the electrical potential distribution near the 
substrate surface, thus the total impedance of the sensor depends on the ε* of the 
carrier board as well. On the contrary, the latter structure is virtually insensitive to 
the carrier board (proved by zero volts beneath the substrate) owing to the copper 
shield, and the total impedance of such a sensor structure is contributed only by 
the MUT and the sensor substrate. The inset of Figure 3-11d highlights the 
electrical potential distribution similar to a parallel plate capacitor. This uniform 
and equipotential distribution increases the nominal capacitance of the sensor 
structure, which facilitates the readout of small capacitance values. Additionally, 
this design allows placing the sensor directly in contact with a conductive surface 
(i.e. mould surface) without the need of a shielding layer. Figure 3-11e shows the 
equivalent circuit model of a conventional IDS superimposed on its cross sectional 
schematic of half wavelength (λ/2 = W + g). The total admittance of such a 
structure can be expressed as: 
 
AB =	ACDE +	AFG +	AHB  (11) 
 
where YMUT, YPI, Ycarrier stand for admittances of the MUT, the Polyimide (PI) 
substrate, and the carrier board respectively. From Eq. 11 it is clear that the 
admittances of both the substrate and the carrier board contribute to the total 
admittance of the sensor. In contrast to the conventional single-ended design, the 
second sensor results in a simpler equivalent circuit model, thanks to the bottom 
copper which shields the sensor from the dielectric beneath. Note that each pair of 
anode and cathode has an opposite conducting guard plane (copper shield) at the 
bottom of the substrate, which equals to Vs, thus eliminating any current between 
the sensing and guard electrodes through the substrate. The admittance of the 
proposed structure, as shown in Figure 3-11f, can be expressed as: 
 
AB = ACDE + AFG (12) 
 
where ACDE =	ICDE +	J<>CDE, AFG =	IFG +	J<>FG, G, C stand for conductance 
and capacitance, respectively. PI is used as the sensor substrate because of its 
stable dielectric properties over temperature and frequency ranges, apart from its 
high thermal resistance and excellent mechanical properties. More details can be 
found in Yang et al. [31]. The production process steps for the double-sided IDC 
designs are represented in Figure 3-12. Further details of the technology can be 
found in Vanfleteren et al. [32] or in Khan et al. [33]. Figure 3-12b shows an 
example of the fabricated IDS, with an effective sensor area of 12 × 15mm
2
, and 43 
µm in thickness (Cu: 2 x 9 µm, PI: 25 µm). A cross-sectional view of the sensor 
displays the final Cu-PI-Cu structure. 
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Figure 3-12. (a) Major fabrication steps of a double-sided IDS developed at CMST. (b) Actual fabricated 
IDS. (c) Cross-sectional view (optical microscope) of fabricated sensor [31]. 
 
 
 
3.3.2 SENSOR CHARACTERIZATION 
 
 In this section, the performance of the in-house developed IDS will be 
discussed. Both single-ended and double-ended IDS sensor designs were 
considered. The influence of the design parameters on the sensor’s response and 
sensitivity was studied through FE analysis using the electrostatic package of the 
software Comsol® (Burlington, MA, USA). A closed-form analytical model based on 
conformal mapping and partial capacitance techniques was also used to confirm 
these results [34].  
 
Afterwards, IDS different geometries (i.e. 6 samples per each design) were 
fabricated and experimentally characterized. An HP 4284A Precision LCR meter was 
used to perform the capacitance measurements. A frequency of 1 kHz was selected 
for the measurements. Each sensor was soldered to a four-wire interconnector and 
connected to the readout. The overall Signal-to-Noise Ratio (SNR) of the 
measurement system was improved by connecting the four-wire interconnects to 
the LCR meter with shielded coaxial cables. This reduced the extrinsic noise picked 
up from outside the measurement circuit (i.e. caused by electrostatic and 
electromagnetic pickup from power sources, radiofrequency variation, and thermal 
variation [35]). To characterize the per unit-area and spatial sensitivity of the 
sensor, silicone (Sylgard 186, Dow Corning, USA) of thicknesses ranging from 100 to 
1000 μm was deposited on the sensor surface by doctor-blading (i.e. a process that 
deposits thin polymer layers on a flat surface and controls precisely its thickness by 
removing with a blade the material in excess). For the double-sided IDS design 
(design features: g = W = 100 µm, L = 15 mm, N = 40) temperature dependency was 
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tested in a climate chamber (Clima Temperatur Systeme, CTS GmbH, Germany) 
between 20 and 80 °C with 50% relative humidity.  
 
Optimization of the sensor geometry is needed to increase the sensor’s 
overall capacitance and sensitivity. To show the advantage of the double-sided IDS, 
over the conventional single-ended one, sensors with the same design parameters 
(g, W, N, L) were fabricated and measured accordingly, the results of which are 
shown in Figure 3-13. Amongst all the design parameters, the finger number N and 
the finger length L have the highest influence on the sensor’s capacitance. 
 
 
Figure 3-13. Experimental comparison of conventional and proposed IDS. (a) Sensor’s capacitance as a 
function of finger length and (b) finger number. 
 
For the single-ended IDS (design: W = g = 100 μm, L = 10 mm, dielectric = 
air) the mean value of the measured capacitances increased from 3.8 to 7.6 to 11.5 
pF to 17.3 pF, when the finger number increased from 10 to 20 to 40 to 60 (Figure 
3-13a). Linearity was verified by experimental validation, FEM and the analytical 
model proposed by Igreja et al. [34]. The influence of the finger length on the 
sensor’s capacitance (design: W = g = 100 μm, finger number = 20, dielectric = air) 
also showed a linear dependency (Figure 3-13b). The same characterization was 
carried out on the double-sided IDS. The linear behaviour was again confirmed, but 
in this case an increase of the nominal capacitance by 400% on average was found 
with respect to the singled-ended design. The increase was mainly attributed to the 
larger overlapping area between top and bottom plate. Such high nominal 
capacitances enable the miniaturization of the sensor. Besides these high nominal 
values, small increase in sensitivities was found.  
 
The double-sided IDS sensor design was further characterized in air over a 
frequency and temperature range of 1 kHz–1 MHz and 20–80°C, respectively. The 
temperature dependency on the fabricated double-sided IDS is shown in Figure 3-
14. To ensure a reliable measurement, the climate chamber was maintained at the 
specified temperature within ±0.5 °C and the relative humidity controlled within 
50±0.5% and stabilized for 30 min before the measurement. A stable response with 
a difference of capacitance of less than 1 pF was observed for all the frequencies, 
which is far smaller than the change expected during a curing experiment. 
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Figure 3-14. Temperature dependence of the sensor’s capacitance between 100 Hz and 1 MHz. 
Measurement is done between 20 and 80 °C and at 50% relative humidity. 
 
Additionally, the influence of the sensor bending on the capacitive 
measurements was investigated: Molina-Lopez et al. [36] have found that a 
maximum variation in capacitance of less than 3% was observed at a minimum 
radius of curvature of 2.5 mm for all their IDS sensor designs. Even provided that a 
certain bending exists (i.e. positioning your sensor in a sharp bend into your 
mould/preform) and this is maintained throughout the test, then the results of the 
curing are still valid (i.e. relative capacitive change). Since the dimension of the 
sensor is relatively small if compared to the size of the mould where it’s going to be 
integrated, it is reasonable to think that the bending is negligible. Nevertheless, all 
the results contained in this dissertation have been obtained making sure that the 
sensor was kept flat as much as possible throughout the tests. Based on all these 
considerations, a final design for this IDS type was determined (i.e. W = g = 100 µm, 
L = 15 mm, finger number = 60). This sensor was used for the production 
monitoring tests presented in Chapter 4. In the next Section, a literature overview 
on capacitive sensor network technology is proposed. 
 
 
 
3.4 CAPACITIVE SENSORS NETWORK 
 
 Cure monitoring of composites by means of capacitive sensor networks is 
not widely addressed in literature. However, sensor network technology has been 
developed for other purposes. In the following, a summary on the most relevant 
results is reported. Additionally, the different perspective to consider when 
developing a sensor network for embedding in composites will be addressed. 
Capacitive sensor networks have been developed for several applications, for 
instance: brain and cardiac recordings of human body [37], efficient pressure and 
temperature measurements on fluids [38] or the real-time monitoring of industrial 
pollutants [39]. Despite being developed for diverse applications, these sensor 
networks feature all the same core design requirements: low-cost, easy readout 
and a good quality of the measurements. The same applies to the design of a 
capacitive sensor network for cure monitoring of industrial composite structures. 
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The technological gap between performing cure monitoring experiments on lab-
scale level and setting up a production monitoring test on a real industrial 
component should not be underestimated. The RTM closed-mould technology used 
in Chapter 6 for instance, requires relatively high pressures and vacuum during 
production. A sensor network, no matter how optimized it is, still needs a certain 
number of readout cables, which inevitably will have to exit the mould and 
therefore could potentially create some leakages. Additionally, a non-well-trained 
worker might damage the sensors while embedding them in the composite 
preform. For these reasons, and accounting also for the strong requirement of 
developing a low-cost sensing system (i.e. below 500€ comprising readout 
hardware and software), a PCB-based technology sensor network was developed 
during the course of SSC. In Figure 3-15a, the block diagram of the sensor network 
concept is proposed.  
 
 
Figure 3-15. System-level block diagram of the sensor network showing the sensors, interfacing circuits, 
wired transmission paths, and signal processing from sensors to the PC. (b) Sensor network realized by 
PCB technology carrying 16 IDS and 16 temperature sensors. 
 
Both IDS and temperature sensors (but other sensors could be added as 
well) are considered. The sensor signals are de-multiplexed and converted from 
analog to digital, sent through USB to the PC and filtered by the C++ based software 
before being stored. Each channel is excited by an AC voltage sequentially, then the 
ADC module converts and sends to the PC the received sensor response. In a 
separate loop the temperature is measured and sent to the PC. In Figure 3-15b, the 
actual design of the sensor network is depicted. Featuring an area of approximately 
300 x 200 mm
2
, the latest network realization carries 16 double-sided IDS and 16 
temperature sensors, which are interconnected by meander-shaped patterns. The 
meanders enable the sensor network to stretch and adapt to any curved surface 
[32]. The sensor network concept described is intended to be disposable (i.e. that is 
why the low-cost is an important requirement) and could be exploited during the 
prototyping phase of a composite component. Therefore, no sensor network is 
foreseen in the final part after that series production is launched. 
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The proposed deformable circuit production process for a single layer 
circuit is shown in Figure 3-16. The base substrate is a normal PI based flexible 
circuit, which can be a single or double-layer conductor circuit. Meander shaped Cu 
conductors and supporting PI tracks are cut out using a laser (e.g. YAG laser). 
Components are solder assembled, a polymer is applied (e.g. by moulding) and the 
carrier is removed. The circuit is then ready for final embedding in the composite. 
This approach allows 3D capacitor sensor integration and conductor crossovers 
without the need of using an insulator (if a double layer or multilayer conductor 
flex is used as base material).  
 
 
Figure 3-16. Deformable circuit production using laser cutting. 
 
The deformable circuit technology must be developed in such a way that 
the circuit can withstand all thermal, chemical and mechanical conditions, imposed 
by the composite production process. Another difficulty to overcome is the transfer 
and precise placement of the distributed sensor circuit into the composite. The 
single-sided embedding of the circuit in a polymer was adopted before release 
from the temporary carrier and transfer to the composite (as suggested in Figure 3-
16).  
 
Besides preserving the functionality of the electronic components during 
the manufacturing process, another important point that should be addressed is 
the influence that the sensor network has on the integrity of the composite 
material. In this regard, most of the outcome from literature confirm that both 
static and fatigue properties of the composite laminate are affected by the 
presence of the network. For instance, Hufenbach et al. [40] investigated the 
mechanical behaviour of glass fibre-reinforced polypropylene (GF/PP) with 
embedded Flexible Circuit Board (FCB) sensor network components and found that 
the specimens with embedded FCB component achieve a 5.2% higher flexural 
strength, very likely caused by the additional glass fibre fabric of the FCB substrate 
layer. These results were in agreement with previous ones found in literature (cf. 
Lin and Chang [41] and Schaaf et al. [42]). The specimens with orientation of the 
FCB parallel to the reinforcing fibres achieved similar tensile stiffness and strength 
values as the reference. In contrast, the transversally oriented FCB led to a slightly 
reduced tensile stiffness and strength. This was probably caused by a weak 
interlaminar bonding. The tensile stiffness of the [±45°] specimens was reduced by 
a 4.5% with respect to the reference sample, while its strength was 13% lower. 
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Javdanitehran et al. [43] carried out a similar work on two types of glass fibre 
reinforcements (Unidirectional and Biaxial E-Glass) in a thermoset epoxy matrix 
(EPIKOTE™ Resin MGS® RIMR 135, curing agent RIMH 137). They have tested 
specimens with a sensor made of a 500 μm thick epoxy layer reinforced by a glass 
fibre fabric, coated with an untreated 35 μm thick copper layer in 3-point bending 
and tensile loading. Different sensor sizes were tested. In bending, again an 
increase in the flexural modulus was observed, since the flexural modulus of the 
sensor is higher than the modulus of all reference laminates. In tensile testing, the 
lower tensile modulus of the sensor contributed to a decrease of the laminate 
stiffness. In this dissertation no dedicated investigation is made on the effect that 
the sensor network has on the composite’s strength.  
 
 
3.5 CONCLUSIONS 
 
 The polymer cure reaction process was firstly described. The widely 
accepted DSC technique (ASTM D7426) was introduced and considered as 
reference to describe the polymerization of a resin. Then, the theoretical 
background on the DEA technique was introduced. Relevant works on cure 
monitoring of composites by means of DEA were cited. Based on the target defined 
in the SSC project, two different types of interdigital capacitive sensors were 
designed: namely a single-sided and a double-sided IDS. Results from their 
characterization clearly showed that the double-sided outperformed on the single-
sided.  
 
The concept of a disposable capacitive sensor network with a low-cost 
readout for cure monitoring of composites was introduced. A survey on relevant 
works found in literature concerning the design of sensor networks for different 
applications was provided. Additionally, aspects related to the influence of such a 
network on the integrity of the composite laminate were described. A sensor 
network with both capacitance and temperature sensors was then designed and 
manufactured with the purpose of embedding it into composites. Results on 
production monitoring of composites by means of either single or a network of IDS 
sensors are disclosed in the next Chapter.  
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4 
PRODUCTION MONITORING OF 
COMPOSITES 
 
 
 
 
 
 This Chapter focuses on the results obtained from the application of FBG 
sensors (Chapter 2) and of interdigital capacitive sensors (Chapter 3) for production 
monitoring of composites. First, a literature review on residual strain and cure 
monitoring of composites is provided. Then, cure monitoring results on neat resin 
are discussed. For one of the epoxy systems discussed, Dielectric Analysis (DEA) 
curves are compared to the one obtained by Differential Scanning Calorimetry 
(DSC). The influence that the amount of resin and the cure temperature have on 
the kinetics of the reaction is addressed. Afterwards, the results of cure monitoring 
on composite laminates are presented. Both Glass Fibre Reinforced Plastics (GFRP) 
and Carbon Fibre Reinforced Plastics (CFRP) laminates are analysed. In the last 
section, the integration of a sensor network into a Plexiglas (PMMA) mould for the 
production of dog-bone shaped specimens is reported. Also, the cure monitoring of 
a service tray made of glass fibre reinforced polyester is presented. The Interdigital 
Sensors (IDS) were integrated in a silicone mould manufactured at SLC Lab (Leuven 
Ghent Composites Application Lab, Leuven, Belgium) partner of SSC. Finally, the 
realization of an interdigital sensor network for production monitoring of a 
laminate with ply drop-off is disclosed.   
 
 
4.1 RESIDUAL STRAIN MONITORING USING FBGS 
 
 Residual strain monitoring, and more in general production monitoring of 
composite materials, is of relevance for industrial production processes that need 
to be optimized in order to improve quality and/or to reduce production time. This 
optimization can be achieved by using sensors (optical but also electrical) to 
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measure process parameters and the evolution of the material properties 
throughout the consolidation of the composite. A broad variety of studies on 
process monitoring of composite materials using different sensor types can be 
found in literature. Two of the most researched topics are related to detect the 
resin flow in a closed-mould production process and to define the right moment 
when to demould the composite component. The former topic is of primary 
importance since if the resin does not flow properly into the mould and does not 
fully impregnate the composite preform, it will lead to resin voids which can 
compromise the aesthetics of the part and affect its structural integrity. Yildiz et al. 
[1] used both FBGs and Edge Fibres (EFs) to monitor the resin flow front inside a 
closed mould. They followed the curing process by means of Fresnel Reflection 
Refractometry (FRR) sensors, a special type of optical fibre with a cleaved end-facet 
capable of detecting the refractive index change of the surrounding resin material. 
By measuring the light intensity variation throughout the curing process, they could 
retrieve the resin curing degree curve. Although this sensor is very small in 
dimensions and can easily be placed between two composite plies (i.e. very limited 
layer distortion), it does not allow multiplexing (i.e. only one sensor per optical line 
is allowed). Dunkers [2] has used specifically developed long-period gratings with a 
fluorescent coating to monitor the flow of a polymer inside a mould along the 
whole fibre length. The equipment he has used required an expensive (i.e. > 
15’000€) optical spectral analyser unit and this represents for most industrial 
production processes a strong limitation to its applicability. Nevertheless, these 
different types of optical sensors were meant to be used as disposable. Keulen et 
al. [3] partially solved this problem by designing a mould with surface integrated EF 
sensors, so that they could be reused. However, up-scaling the single sensor into a 
sensor network, capable of measuring the curing over the whole mould area 
becomes challenging and also costly. It is widely known among the composites’ 
community that high process temperatures, different cooling rates and/or complex 
geometrical shapes might induce spring-back (similarly to what happens in metal 
sheet forming) of the composite part after demoulding [4].  
 
 
Figure 4-1. (a) Spring-back and (b) spring-in effects in a curved composite laminate. 
 
 In fact after manufacturing, a composite laminate is expected to contain 
residual stresses that might affect the mechanical response of the plate. Wisnom et 
al. [5] investigated which mechanisms are responsible of causing residual stresses 
and distortions on curvature of unsymmetrical laminates and the way they develop 
during the cure process. Spring-in of curved sections and stresses in flat plates due 
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to tool–part interaction were also investigated. Results showed that thermal 
stresses after vitrification are the main cause of distortion of asymmetric plates, 
whereas thermal stresses and chemical shrinkage, while the material is in the 
rubbery state, both contribute to spring-in. Large stresses can develop due to tool–
part interaction, even before gelation. They did use only optical methods 
throughout their experimental tests in order to visualize the curvature during 
different stages of the production.  
 
 As discussed in Chapter 2 Section 2.3, Optical Fibre Sensors (OFS) can 
easily be embedded in the laminate and used to measure the development of 
these residual strains. These strains can be related to the evolution of the 
polymerization process (i.e. curing process) in the composite resin. O’Dwyer et al. 
[6] combined a cure monitoring system and In-Fibre Bragg Gratings (IFBGs) to 
follow changes in the conductivity of the matrix resin (Chapter 3 Section 3.2) and in 
the internal strain of the embedded optical fibre. The preliminary results obtained 
showed that it is possible to monitor the strain resulting from the onsets of 
liquification, gelation and vitrification within the surrounding resin matrix. Kang et 
al. [7] went a step further and estimated the amount of residual strains developing 
over the curing process of various composite laminates produced by autoclave 
process. He used a combined FBG/Extrinsic Fabry–Perot Interferometric (EFPI) 
hybrid sensor inserted in a capillary and was able to discern temperature effects 
from strain in unidirectional, cross-ply and fabric laminates. Quite different residual 
strain values were found depending on the laminate considered, with highest 
values (up to -4000 με in compression) for the unidirectional laminate in the 
transverse direction (i.e. matrix dominated). However such a hybrid sensor 
fabrication is quite time consuming and requires special expertise. Khoun [8] 
presented a similar study on a 5-harness satin G30-500 6k carbon fabric/epoxy 
laminate, embedding conventional FBG sensors at different locations through the 
laminate thickness. They evaluated the composite/mould interaction by positioning 
a sensor in the bottom layer of the laminate and compared the results with FEM 
simulation. A similar work, but performed on a thermoplastic Glass Fibre 
Reinforced Plastic (GFRP) composite laminate, was performed by Mulle et al. [9] 
who proved the feasibility of using FBG sensors for residual strain monitoring in a 
hot-press production process. A novel measurement technique known as 
Polarization Dependent Loss (PDL) has been adopted by Lammens et al. [10] to 
accurately detect small transverse residual strains (up to 500 με) arising from the 
autoclave cure cycle of a M18/M55J carbon/epoxy cross-ply laminate. The PDL 
method was carried out using commercial FBG sensors and an optical vector 
analyser that contains a tunable laser and a polarizer, enabling detecting small 
birefringent effects that otherwise would have been left unnoticed using 
conventional interrogation technique/hardware.  
 
With this brief, yet exhaustive, literature review, it is the author’s belief 
that a few research questions are left unanswered. For instance, the connection 
between the evolution of composite part curing and the residual strains building up 
has not been extensively discussed, especially when considering complex parts that 
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differ from simple flat plate laminates. Another limitation derives from the fact that 
all the experiments found in literature are performed in lab environment and 
uncertainties are left on the reliability and applicability of the FBGs technology to 
“real” industrial processes. In the research activities which will be discussed in 
Chapter 6, the author has embedded a FBG based sensor network in an automotive 
suspension control arm made out of a CFRP preform, as well as in an airplane wing 
hinge arm GFRP preform, both produced by RTM. 
 
 
4.2 CURE MONITORING USING DEA 
 
 This section describes the state-of-the-art regarding cure monitoring of 
composites. As already stated, interdigital capacitive sensors are good candidates 
to be embedded in composite laminates for cure degree monitoring during 
production. DEA can be carried out on both thermosetting and thermoplastic 
polymers [11]. The work in this dissertation considers only thermosetting polymers. 
A literature review on cure monitoring of either resin which starts off as liquid or 
prepreg material meant for autoclave production is here proposed. Maistros et al. 
[12] performed a study on a Fibredux 924 material, based on carbon fibre and a 
formulated epoxy resin matrix, using a 100 µm thick Dek-Dyne copper/polyimide 
capacitive sensor. Rheological measurements and independent characterisation via 
DSC were first carried out on the unreinforced resin. The gelation and vitrification 
features were observed at different curing temperatures. This enabled then to 
perform in-situ dielectric measurements in a composite cured at 150°C to identify 
both the time at which maximum resin flow was expected, gelation time and to 
predict the vitrification time whilst curing. Data showed that the used commercial 
resin system contains a high level of ionic species, either as additives or as 
impurities and high levels of conductivity were seen during the early stages of cure. 
As a consequence, a rapid build-up of electrode polarisation as the resin heated up 
was observed. This resulted in very high values of permittivity ε’ at low frequencies 
that masked any dipolar loss peaks. Since gelation is identified by an inflection 
point in the ion viscosity curve (reciprocal of conductivity), an extrapolation to 
distinguish the dipolar relaxation from the ionic contribution was required in order 
to highlight this hidden effect. This is often cumbersome and requires the 
development of mathematical models that accounts for the two contributions. In 
some cases though, a well-thought selection of the frequency might solve this 
electrode polarization effect [13]. The other parameter of practical interest in 
thermoset cure is the vitrification time, which correlates approximately with the 
position of the extrapolated dipolar loss peak at low frequencies (1 Hz). The 
relaxation time in a curing thermoset changes rapidly as the cure proceeds, from a 
typical value of 1 ps in the liquid state to about 1 s in the glassy state. Later (1998), 
the same author investigated the curing behaviour of two different carbon fibre 
prepreg tapered laminates (Fibredux GF/913 and Fibredux CF/920) with a thickness 
variation from 2 to 25 mm, which were produced by autoclave process. He 
correlated the maximum temperature measurements at different laminate 
thicknesses/locations with the curing profiles obtained by a self-developed 
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relaxation time-based model [14]. Kim et al. [15] obtained the degree of cure 
during on-line cure monitoring of S-glass/polyester prepreg composites by 
analysing the dissipation factor data. They used commercial dielectric sensors 
(Lacomtech, Daejeon, Korea) which were mounted on a glass substrate, in order to 
avoid their possible distortion due to the composite layers shrinkage. Nixdorf [16] 
compared the conductivity results from a set of cure monitoring data obtained 
from glass-fibre reinforced epoxy specimens with variable fibre volume fraction 
(pure resin 0 vol. %, random fibre 20 vol. %, woven roving 36 vol. %, glass fabric 40 
vol. %). Despite a remarkable change in the initial conductivity value of a factor 6, 
the general trend indicating the cure evolution was still clearly defined. Other 
studies were carried out on trying to understand the influence of different catalyst 
concentration on the curing behaviour: DEA was used to define gel times and cure 
times for several catalyst concentrations. Increasing the catalyst concentration 
resulted in reducing the pot life for the epoxy resin [17]. In another study Maistros 
[18] was able to detect the phase separation in a DGEBA epoxy resin with different 
blends by using DEA. Other studies investigated the influence on the curing 
behaviour of three different epoxies during microwave curing [19]. Additionally, 
also the influence of the presence of different contents of nanoclay particles (1–8 
wt.%) was assessed by DEA and then further investigated by mechanical testing 
[20]. Again, Kim in 2007 [21] used DEA to characterize the influence of the curing 
cycle on the residual stresses generating at the bonding layer of a metal-composite 
hybrid structure. Static lap-shear tests were performed in order to quantify the 
residual stresses influence and the outcome was then used to optimize the curing 
cycle.  
 
Despite this last research output, not much can be found in literature on 
the link existing between the cure degree evolution and the building-up of residual 
strains. In the first part of this Chapter, the author will address results on 
production monitoring of pure epoxy resin systems.  
 
- DEA measurements were combined with residual strain measurements 
from embedded FBG sensors, and, for the first time in literature, the 
influence that the curing temperature has on both measurements has 
been assessed.  
- Then in Chapter 6, combined results on cure degree monitoring and 
residual strain monitoring of real composite parts will also be discussed. 
No similar attempts could be found in literature.  
 
To reach this goal, the IDS sensor network technology has been tested on basic 
resin and composite samples and cure monitoring results are proposed at the end 
of this Chapter.  
 
- A flexible foil with integrated IDS sensors was laminated for the first time 
ever on a mould surface and allowed to follow the cure of dog-bone epoxy 
resin specimens. 
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- The IDS sensors were integrated for the first time ever in a silicone mould 
for production of composite laminates by the vacuum infusion process. 
- A low-cost sensor network based on IDS was specifically developed for 
cure monitoring of composites and embedded in a composite laminate 
with variable thickness. This network allows the use of a low-cost compact 
readout unit (Arduino®). To the author’s knowledge, no one has ever 
developed such a low-cost DEA sensor network system before.    
 
In the following Section, the production monitoring results on two epoxy resin 
systems are disclosed. 
 
 
4.3 CURE MONITORING ON PURE RESIN 
 
 One very important stage during production of composites is the curing 
process, during which the resin system polymer constituents cross-link and solidify 
the composite. As the curing process is a complex phenomenon accompanied by 
chemical, thermal and even electro-magnetic effects, thoroughly understanding it, 
means mastering the influence that all of the process parameters have on it 
(temperature, pressure, curing time, … ). If this is not properly achieved, unwanted 
situations such as under-curing, over-curing, resin voids due to non-perfect resin 
impregnation and residual stresses caused by large thermal gradients (different 
cooling profiles in different regions of the laminate) might lead in the worst case to 
unexpected premature failure of the composite. In industry, production monitoring 
is commonly restricted to only temperature measurements at a few selected 
locations within the laminate. One of these temperatures (usually the highest) is 
adopted to steer the curing process. However, no comprehensive information 
about the degree of cure is obtained from the temperature profiles alone (i.e. in a 
room temperature curing process for instance). As a consequence, the 
manufacturers often rely on a conservative strategy consisting in extending the 
cure time or simplifying the design to avoid zones with low thermal conductivity. It 
is clear that a correct assessment of the degree of cure would allow optimizing cure 
cycles and even reduce composite scraps (i.e. optimal use of raw materials). Such 
optimization will lead to a reduction in production costs (i.e. operational costs, 
diminished scrap material), reduced mould maintenance, improved product quality 
and therefore an extended service life. Since the major happenings during the 
curing process are attributed to the resin, in the following cure monitoring results 
for two different epoxy systems will be introduced, in order to first prove and then 
validate the DEA method against DSC (cf. Chapter 3, Section 3.2). In Table 4-1, an 
overview of the analysed resin system and composites is provided. When referring 
to normal cure, the cure cycle suggested by the manufacturer is intended (i.e. room 
temperature cure + post-cure).  
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Experiments Resin system Variable tested 
on pure 
resin 
Epolam® 2015, 
Epolam® 2014  
normal cure 
(24h room T + post-cure 15h at 80°C) 
Epikote® RIMR135, 
Epikure® RIMH137 
normal cure 
resin 
quantity 
T  
influ-
ence 
validation 
DSC 
Experiments Resin system Fibres Variable tested 
on 
composite 
Epikote® RIMR135, 
Epikure® RIMH137 
UDO ES 500  
Glass Fibres 
constant 
thickness 
laminate 
laminate  
with ply  
drop-off 
Hexcel®M10R 
Torayca®T300  
Carbon Fibres 
cure autoclave  
 
Table 4-1. An overview on the cure monitoring tests performed. 
 
 
4.3.1 EXPERIMENTAL SETUP 
 
 The experimental setup used in the different tests listed below might 
slightly differ from one experiment to the other. However, a general idea on the 
equipment required to perform cure monitoring tests on composites will be given. 
An HP 4284A Precision LCR meter was used to perform capacitance measurements 
with a frequency sweep ranging from 100 Hz to 1 MHz with 10 points per decade. 
The time required per sweep was 16 s. Since the epoxy systems usually have a slow 
curing profile (i.e. in our case mostly 24 h curing at room temperature), the 
acquisition interval can be considered insignificant compared to the speed of 
curing. Thus, it can be concluded that the whole curing phenomenon has been 
recorded (also the initial fast change in capacitance). The capacitance is then 
converted to the relative permittivity ε’ or the ion viscosity. A National Instrument® 
(Austin, TX) USB acquisition card was used for the temperature measurements, and 
data were logged on a PC using a LabVIEW-based software. The dielectric sensors 
used in the tests had all a single-ended design (cf. Chapter 3, Section 3.3). Table 4-2 
gives an overview of the IDC sensor geometry used for each test. For clarity, the 
sensor geometry and main dimensions are recalled in Figure 4-2. 
 
 
Figure 4-2. (a) Simplified schematic of an IDS, where W stands for the width of each finger, g stands for 
the gap (spacing) between fingers, and L stands for the finger length, and (b) an in-house sensor realized 
by PCB-based technology. 
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Experiment IDS type 
W 
(µm) 
g 
(µm) 
L 
(mm) 
N 
(finger 
no.) 
Epolam®2014, 
Epolam®2015 
normal cure 
single-
ended 
88 108 15 60 
Epikote® RIMR135, 
Epikure® RIMH137 
normal cure 
single-
ended 
100 100 15 60 
resin quantity 100 100 15 60 
T influence 100 100 15 60 
validation DSC 100 100 15 60 
UDO ES500 / 
Epikote® RIMR135, 
Epikure® RIMH137 
normal cure IDEX115 
100 100 15 60 
115 115 25 50 
M10R / T300 
cure 
autoclave 
IDEX115/60 115 115 25 50 
 
Table 4-2. An overview on the IDS sensors used in each test. 
 
 
 
Figure 4-3. Lab experimental setup for cure monitoring on pure resin systems by single capacitive sensor 
during (a) the curing process and (b) the post-cure in the oven.   
  
Temperature was recorded using two type-K thermocouples: one was 
placed next to the capacitive sensor, measuring the resin temperature. The other 
was put in the air measuring the environmental/oven temperature. The 
“conventional” curing process as stated from the Technical Data Sheets (TDS) of the 
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resin systems consists in a curing (usually at room temperature for slow curing) 
after which a post treatment in the oven follows (usually referred as post-curing) in 
order to enhance the Tg and therefore the mechanical properties of the resin. As it 
can be seen in Figure 4-3, the resin is poured in a plastic container, which was in its 
turn placed in the temperature controlled oven. The IDS was placed close to the 
bottom wall of the container making sure that the sensor surface kept flat during 
the test. A programmable oven Nabertherm TR240 (Nabertherm GmbH, Bremen, 
Germany) was used to control the heating rate (usually set at 1°C/min) and to 
maintain the temperature for the necessary post-curing time. 
 
 
Figure 4-4. (a) Experimental setup for strain and cure monitoring of pure resin. (b) The detail of the FBG 
sensors placement next to the capacitive sensors. Next to each FBG sensor, a thermocouple was 
positioned too. 
 
The quality of the measurements strongly depended on the cable 
connection from the sensor to the LCR meter (cables length, connectors, cables 
shielding) and on the initial circuit calibration. These aspects were improved during 
the course of the project, as will be pointed out later on in the text. Additionally, 
when also residual strain measurements were carried out during the curing 
process, an FBG scan unit, the FBG-Scan804 interrogator from FBGS® Technologies 
GmbH (Jena, Germany) having a 1510-1590 nm bandwidth and a wavelength 
resolution of ±1 pm was used (Figure 4-4). A 125 μm DTG® optical fibre from FBGS® 
Technologies GmbH with an FBG grating inscribed in the 1510-1590 nm range was 
used. The sensor was placed next to the IDS and thermocouple, in order to allow 
for temperature compensation of the DTG® strain measurements. 
 
4.3.2 EPOLAM® 2015 RESIN + EPOLAM® 2014 HARDENER 
 
 The first cure monitoring experiment was performed on a laminating 
epoxy system: Epolam® 2015 resin plus Epolam® 2014 hardener [22]. To obtain an 
higher Tg and optimal mechanical properties the TDS suggests a post-treatment 
(e.g. 24h at 60°C to obtain a Tg above 80°C). Two IDS with the following dimension 
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were used: W = 88 µm g = 108 µm, L = 15 mm and 60 fingers for a sensing surface 
of 12 mm × 15 mm. The first IDS (i.e. Cap 1) was placed next to the red plastic 
container wall, the second one (i.e. Cap 2) was positioned in its centre (Figure 4-5). 
 
 
Figure 4-5. Placement of the capacitive sensors in the red container. Next to each IDS an FBG sensor and 
a thermocouple were positioned too. 
 
The resin system was mixed with a weighing ratio resin:hardener of 100:32, stirred 
and degassed for 5 minutes under a vacuum bell in order to remove the major air 
bubbles trapped during mixing. 200 g of the compound were then gently poured in 
the container till it completely covered the IDSs and then cured for 24h at room 
temperature. A frequency sweep between 20 Hz and 1220 Hz with a step of 200 Hz 
was selected. The time step for each sweep was 9s. In this initial test, the readout 
was not yet automated and therefore measurements had to be acquired manually. 
Only the first 8h of cure were monitored, where the largest change in dielectric 
properties was occurring. A measurement was also acquired after 23.5h to verify if 
the resin was cured. Evidence of this is summarised in Table 4-3 for 1 kHz 
frequency: one can notice how the capacitance and dissipation factor remain fairly 
constant after 8h cure (i.e. 0.1% and 5% of the initial change during the first 8h 
respectively). 
 
Time  
(hours) 
C  
(pF) 
ε" 
(-) 
ε'  
(F/m) 
0.083 70.6 2.38 8.94251 
0.5 67.09 2.2 8.41956 
1 65.92 1.85 8.24525 
2 63.11 1.032 7.82659 
4 53.47 0.07 6.39036 
7 34.48 0.011 3.56108 
8 34.13 0.010 3.50894 
23.5 33.21 0.007 3.37187 
 
Table 4-3. Capacitance (C), dielectric loss (ε") and permittivity (ε’) at 1 kHz during curing of the Epolam® 
epoxy resin system. 
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In Figure 4-6, the results of the capacitance and the dissipation factor are 
presented along with the temperature measurements. The exothermic reaction 
occurring at 4h has a peak of 57°C for Cap2, whereas Cap1 only sees a max 
temperature of 42°C. This tells already a lot on the influence of the sensor location 
with respect to the resin, even in lab scale environment, of the chemical rheology 
associated with the resin curing. One can notice how the capacitance change rate 
for both IDSs is increasing after the maximum exothermic has occurred, indicating 
that the vitrification of the resin is taking place. This is confirmed by the residual 
strain building-up starting from 4h (Figure 4-7a). In fact, during vitrification the 
rubber-like polymer becomes stiffer and the thermal strains combined with the 
volumetric shrinkage are transferred to the FBG sensors [23]. It is interesting to 
note the difference in the strains measured by the two FBGs. This can be explained 
by the peak splitting which occurs for one of the two spectra, as can be seen in 
Figure 4-7b. This could be caused by an inhomogeneous strain on the grating 
concurring with the resin shrinkage, which in turn creates the peak splitting effect 
[24]. 
 
 
Figure 4-6. Curing of the Epolam® 2015 resin + Epolam® 2014 hardener epoxy system: (a) capacitance, 
(b) dielectric loss and relative permittivity. 
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Figure 4-7. Curing of the Epolam® 2015 resin + Epolam® 2014 hardener epoxy system: (a) residual 
strains at the location of the capacitors, (b) FBG spectra.   
 
Afterwards, the resin was post-cured in an oven at 60°C for 12h. 
Capacitance and dielectric loss are displayed in Figure 4-8 for Cap 2 and in Figure 4-
9 the residual strains for both FBG sensors are plotted. From both capacitance and 
dissipation graphs the re-vitrification process of the resin is captured. At about 
50°C, a peak is displayed in the capacitance curves and after about 5h the value 
reaches a plateau indicating that the re-vitrification is completed. A similar trend is 
seen for the dissipation factor, although the measurements are more affected by 
noise. This re-vitrification is confirmed by the increase of temperature, indicating 
that an additional exothermic reaction has occurred. Notice that lower frequencies 
have higher shifts but at the same time are affected by more noise too.  
 
Remarkable are the high residual strains generated at the end of post-
curing (Figure 4-9) after cooling-down (approximately -2000 µε) that if summed to 
the strains measured after curing (approximately -2000 µε),  generates a 
compressive strain of -4000 µε. 
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Figure 4-8. Post-curing of the Epolam® 2015 resin + Epolam® 2014 hardener epoxy system: (a) 
capacitance and (b) dielectric loss factor.  
 
 
Figure 4-9. Residual strains post-curing of the Epolam 2015 resin + Epolam 2014 hardener epoxy system. 
 
 
 
CHAPTER 4: PRODUCTION MONITORING OF COMPOSITES 
 
 
80 
4.3.3 EPIKOTE® RIMR 135 RESIN + EPIKURE® RIMH 137 
HARDENER 
 
 The epoxy matrix system used in this case (Momentive®, Waterford, NY), 
is a two component system consisting of the EPIKOTE® MGS RIMR 135 resin and 
the EPIKURE® MGS RIMH 137 hardener [25]. The mixing ratio was 100:30±2 by 
weight. An interdigital sensor (W = g =100 μm, L = 15 mm and 60 fingers) was used 
for dielectric measurements of the resin from 100Hz to 1MHz, and two 
thermocouples were installed for ambient and resin temperature measurements, 
similarly to the previous tests. After thoroughly mixing and degassing the resin and 
the hardener, the mixture was slowly poured into a beaker until the IDS and the 
thermocouple were completely immersed. The resin was cured for 24h at room 
temperature. Afterwards, the already solid resin was post-cured at 80°C for 15 h. 
Dielectric and temperature data for the resin cured at room temperature are 
shown in Figure 4-10.  
 
 
Figure 4-10. (a) Change of resin’s capacitance and (b) loss tangent (i.e. dielectric loss) during curing, with 
enlarged the beginning of cure resin behaviour. 
 
For clarity, only 4 frequencies are shown in the plot. At the beginning of 
cure, a high increase in both capacitance and dielectric loss (or loss tangent, cf. 
Section 3.2, Eq. 4) at around minute 4 is observed. This indicates that the resin 
completely covered the interdigital sensor. Likewise, the loss tangent (here plotted 
in logarithmic scale to highlight the change) is increased by a few orders of 
magnitude. It is clear that the IDS is very sensitive to the change of the dielectric 
(from air to epoxy resin), whereas little change in temperature is observed. 
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Furthermore, a marked difference with the curing behaviour of the Epolam® epoxy 
system is observed: despite the considerable amount of resin mixed (ca 130 g) a 
lower exothermic reaction is observed in this case and a longer curing time (ca 20-
24h) is also noticed. Figure 4-11 shows the converted relative permittivity (from 
capacitance) during the 24h curing. The relative permittivity ε′ (being 1 when the 
air was the dielectric medium measured by the sensor) increased to 16 when the 
resin completely flowed over the sensor. The general trend of permittivity follows 
that of the capacitance, thus the plot has been shown only as illustration and will 
not be repeated in the following.  
 
 
Figure 4-11. Change of resin’s real permittivity during curing, and internal temperature change in the 
proximity of capacitive sensor. 
 
The huge increase in capacitance and loss tangent at the beginning is 
caused by electrode polarization. As the resin starts off as a liquid with low 
viscosity, the ionic impurities in the resin (introduced to the system during the 
synthesis of the resin) are able to move freely. These impurities accumulate at the 
sensor electrode surfaces and are responsible for causing interfacial polarization 
effects, which lead to the large increase in both real part and imaginary part of 
permittivity dominating at lower frequencies [26]. As the cure progresses, cross-
linking between monomers or oligomers increases and the polymer network is 
formed. The resin system becomes more viscous and the translational diffusion of 
ionic component gets restricted. The electrode polarization phenomenon 
disappears first at higher frequencies, and gradually shifts to lower frequencies 
(Figure 4-11). At around 9h, a major peak in the loss tangent curve is observed first 
at 100 kHz. This peak then moves to lower frequencies. Meanwhile, a relatively 
steep decrease in ε′ is observed. During the cure, as the resin becomes more 
viscous, the intermolecular forces addressed to the polarization effect become 
larger and so the rotational moment of the dipole. The latter is not able to follow 
the higher frequency excitation signal anymore and needs longer time to reorient 
and reach its relaxation. The peak for the loss tangent (or steep decrease in real 
permittivity) indicates the transition of the resin from a “gelly” state into a glassy 
state and, as already mentioned, this is referred to as the gelation point or 
vitrification point. Comparing the results with Section 4.3.2 it can be noticed that 
no peak in the loss tangent (cf. dielectric loss) is observed. This could be attributed 
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to the manual acquisition which has limited the amount of data available or to a 
different resin cure behaviour. Figure 4-10 also shows the local temperature profile 
within the resin. An initial increase in resin temperature, caused by the exothermic 
reaction linked to the increased polymerization, was observed up to 9h. After this 
peak, the exothermic heat diminishes in contrast with the heat transferred to the 
environment and therefore the temperature decreases. Notice as well the 
alignment of the temperature peak with the loss factor peak (or with the steep 
decrease in relative permittivity ε′). It is worth to mention that the dielectric loss 
decrease is in no way connected to the sensor’s cross-sensitivity to temperature. A 
thermocouple can also be used as a rough estimation of the vitrification process in 
this case. However, thermal measurements are less reliable, and are indirect 
measurements compared to the dielectric ones. As already stated in Section 4.3.2, 
the exothermic heat dissipated at the sample surface, or in a thinner laminate, is 
less pronounced than on the inside of a thick laminate. In any case, the 
thermocouple captures only the heat change during the cure instead of the 
underlying change in physical or molecular properties of the resin. Dielectric and 
temperature data for the post-curing at 80°C are shown in Figure 4-12.   
 
 
Figure 4-12. (a) Change of resin’s capacitance and (b) loss tangent during post-curing for the RIMR135 + 
RIMH 137 epoxy system. 
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During the heating up of the oven, a linear increase in both capacitance and loss 
tangent was observed. Again, an overshoot of the capacitance and loss factor 
indicates further polymerization of the resin. Likewise, an overshoot of the local 
resin temperature, happening simultaneously with the peak of capacitance, is seen. 
This is because of a local heat accumulation, as the polymerization process is an 
exothermic reaction. After 16h, the oven was shut down, and the decrease in 
temperature caused a drop in dielectric values. For this reason it is worth noticing 
that, beside the fact that almost no cross-sensitivity to temperature was noticed on 
the bare sensor from a previous sensor characterization (cf. Section 3.3.2, Figure 4-
13), still a temperature dependency of the resin’s dielectric properties exists. 
 
 As last, the 3D plots which also consider the frequency on the z-axis both 
for the curing and post-curing are depicted in Figure 4-13. From the plots, the 
influence of the frequency on the measurements is obvious: in general, lower 
frequencies capture more the curing effects of this resin system.  
  
 
Figure 4-13. 3D-plots of resin’s capacitance during (a) curing and (b) post-curing of the RIMR135 + RIMH 
137 epoxy system for applied excitation frequency. 
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For the curing plot four well-defined regions can be identified:  
 
1. A first big increase of capacitance as the resin flow front reaches the 
sensor is observed.  
2. Followed by a gradual decrease while the resin viscosity starts to increase.  
3. Then, an accentuated decrease sets the occurring of the vitrification. 
4. After 24h the capacitance saturates to a constant value.  
 
A similar trend can be observed during the post-curing, where:  
 
1. A steep increase of the capacitance is observed during oven heating due 
to the extra-exothermic reaction occurring.  
2. Re-vitrification starts when this peak is exceeded and finishes when the 
curing speed (i.e. capacitance change) diminishes considerably.  
3. At this point there is no more chemical reaction left and the capacitance 
remains stable. 
4. The oven is switched-off and the temperature influence on the material 
can be noticed.        
 
 
4.3.4 EXOTHERMIC EFFECT INFLUENCE 
 
 In this section, the results from a DEA analysis on samples having different 
mixed quantities of the EPIKOTE RIMR 135 - EPIKURE RIMH 137 epoxy resin system 
are introduced. The purpose of this test was to analyse the effect of the exothermic 
reaction on the curing time. In fact, it is expected that by curing a larger quantity of 
resin, the exothermic reaction will be enhanced. Two samples of resin were 
prepared: the first having a mass of approximately 20 g and the other a mass of 200 
g. The resin preparation procedure was similar for the two samples and similar to 
what was already explained in Section 4.3.3. An IDS with the following geometry W 
= 100 μm, g = 100 μm, L = 15 mm and 60 fingers was used for the dielectric 
measurement. In Figure 4-14, all the results are summarized in 3D-plots. During the 
curing the capacitance of the sample having higher resin amount (Figure 4-14c) was 
marked by a steep decrease and the gelation was complete after 8h, whereas for 
the sample with low amount of resin (Figure 4-14a), the gelation occurred with a 
less pronounced decay and even after 24h it was not completed.  During the post-
curing, the behaviour did reverse: for the sample with a low resin quantity (Figure 
4-14b), the latent exothermic and following re-vitrification was remarkable, 
whereas in the other sample (Figure 4-14d) almost no additional reaction was 
observed. 
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Figure 4-14. Effect of the amount of exothermic reaction for the RIMR135 + RIMH 137 epoxy system: (a) 
curing and (b) post-curing of a 20 g sample and (c) curing and (d) post-curing of a 200 g sample.     
     
 
4.3.5 CURING AT DIFFERENT TEMPERATURES  
 
 The same effect on the curing profile as described in the previous section 
can also be obtained by curing the resin at different temperatures. In this section, 
the same amount of the EPIKOTE RIMR 135 - EPIKURE RIMH 137 epoxy resin 
system was cured for 24h at three different temperatures, namely 25°C, 35°C and 
55°C. 130 g of resin was mixed with a mixing ratio of 100:30±2 by weight and 
poured over the sensors.  An IDS with the following geometry W = 100 µm, g = 100 
µm, L = 15 mm and 60 fingers was used for the dielectric measurement. A type-K 
thermocouple was used to acquire the resin temperature. Residual strain 
measurements were also performed to gain more insights on the effect of the 
curing temperature. A 125 µm DTG® fibre with an FBG grating inscribed in the 
1510-1590 nm range was used. Following the 24h cure, the resin samples were 
post-cured according to the resin TDS. Additionally, a temperature cycle was 
performed, in order to make sure that no additional cure reaction was left. The 
capacitance (Figure 4-15a) and the dielectric loss values (Figure 4-15b) at 1kHz are 
displayed below for the three different temperatures. The capacitance curves have 
considerably different behaviour in function of the curing temperature: all sensors 
start off with a low capacitance (about 20 pF) referring to the dielectric of air and 
then rise considerably (about 90-100 pF) once covered by the resin. The 25°C curing 
shows a gradual decrease over the first 10h and then approached a “long” 
vitrification stage. After 24h, the capacitance, as well as the dielectric loss, are not 
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yet saturated to a final value, meaning that the cure is not fully completed. This is 
in agreement with the resin TDS, which suggests an additional oven post treatment 
[25].          
 
 
Figure 4-15. (a) Capacitance and (b) dielectric loss for the RIMR135 + RIMH137 epoxy system cured at 
different temperatures. 
 
 For the 35°C curing, the curve presents a steeper, therefore shorter, 
vitrification starting after 6h. In this case, the capacitance reaches a plateau after 
24h, though the dielectric loss is still slightly decreasing (uncured reaction left). The 
55°C curing has a substantially different profile: a marked stop in the capacitance 
drop is observed after approximately 1h and 2h. The second drop is also observed 
in the other two tests (although less pronounced), but not the first drop. Then, the 
capacitance saturates already after 4h. The dielectric loss displays two peaks as 
well (i.e. ion polarization) which disappears considerably earlier than in the other 
curves (peak at 3h instead of 8h for 35°C or 13h for 25°C). Saturation of the 
dielectric loss is achieved after approximately 12h. Similar observations can be seen 
in the residual strains plot arising from the first 24h isothermal curing (Figure 4-
16a). Compressive strains up to -2000 µε were measured after 24h curing at 55°C, 
whereas for the 35°C curing -1000 µε strains were observed and almost no strain 
(approximately -250 µε) for the 25°C. Accordingly, a higher exothermic effect 
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(approximately 73°C peak) has been observed for the higher temperature curing, 
whereas no exothermic was noticed for the lower temperature cure. 
 
 
Figure 4-16. Residual strains from (a) curing and (b) post-curing for the RIMR135 + RIMH137 epoxy 
system cured at different temperatures. 
 
 Remarkable is the effect of the post-curing treatment on the residual 
strains (Figure 4-16b): when curing at higher temperature, the post-cure cycle has 
an even larger effect on the amount of residual strains arising once the resin has 
cooled from the 80°C temperature. Absolute strains up to approximately -4000 µε 
were measured in this case, whereas for the 25°C and 35°C curing the strains are 
limited to about -1500 µε. This is quite surprising when looking at the higher post-
cure strain peak measured for the 25°C cure curve (blue curve in Figure 4-16b), 
which reaches 5500 µε before allowing the re-vitrification to start. So high values of 
residual compressive strain after manufacturing have to be regarded as 
detrimental, for instance, in the case of adhesive joints in composites. In fact, 
cracks can easily arise in the bond layer and lead to early delamination of the joint. 
However, in some other cases the effect of residual strain can be regarded as 
beneficial. For example, a laminate loaded in fatigue might present a better 
resistance to matrix cracks initiation, if an initial residual compressive strain is 
envisaged.  
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For completeness, the FBG peaks before and after curing (curing regarded as 24h 
cure + post-cure + temp. cycle) for the three temperatures are displayed in Figure 
4-17. It is clear how higher curing temperatures result in larger wavelength shifts, 
yet the peaks maintained their original shape and no peak distortions were 
observed [27]. 
 
 
Figure 4-17. FBG spectra before and after curing for the RIMR135 + RIMH137 epoxy system cured at (a) 
25°C, (b) 35°C and (c) 55°C. Notice the increasing compression measured by the grating, which reflects a 
higher residual strain value with increasing curing temperature.   
 
 
4.3.6 VALIDATION WITH DSC  
 
 The results obtained from a cure experiment performed using DSC on the 
same EPIKOTE RIMR 135 - EPIKURE RIMH 137 epoxy system are here introduced. 
First, a non-isothermal DSC (determined according to ASTM D7426 Standard) has 
been performed by doing a temperature sweep from 0 to 250°C with a 5°C/min 
heating rate. The heat associated with the total cure was Htot = 491.3 ± 6 J/g 
ensuring a Tg of 87°C. Secondly, an isothermal DSC measurement at 25°C for a total 
of 120h cure was outsourced to an external research institute (VUB, Brussels). The 
resultant heat associated with the cure at room temperature was Hiso,25°C = 392.4 ± 
7 J/g. From these two tests the conversion rate was defined as: 
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≅ 80% (1) 
 
Notice that after 24h curing at room temperature the cure of this epoxy system is 
not yet completed. Additional tests with different curing profiles were performed 
afterwards. The conversion rate can also be obtained by heating a partially cured 
sample to 250°C and measuring the heat of the remaining cure. In fact: 
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Since the heat flow associated with the isothermal curing was too low (i.e. 
the DSC setup was not sensitive enough to detect it) the remaining heat from a 
non-isothermal DSC Hrem,non-iso was estimated instead, to determine the isothermal 
heat Hiso,25°C as: 
 

,° = 
 − 
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 (3) 
 
And therefore the conversion can also be obtained by Eq. 4:  
 
 = 1 −
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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 (4) 
 
In the following, a summary of the conversion rate for different samples is 
reported (Table 4-4). Conversions seem higher than the one determined by 
isothermal DSC tests, but the difference can be ascribed to the lower accuracy of 
the setup and errors on the integration of the peak in DSC (i.e. the onset of the 
curing peak is somewhat masked by the Tg transition).        
 
Meas. Cure cycle Tg Hrem Conversion 
1 120h 23.2°C 48 °C 56.47 J/g 88 % 
2 120h 25°C 53 °C 66.95 J/g 86 % 
3 120h 25°C 52 °C 50.85 J/g 89 % 
4 24h 25°C + 15h 80°C 89 °C 39.49 J/g 93 % 
5 24h 25°C + 15h 80°C 85 °C 36.27 J/g 93 % 
 
Table 4-4. DSC tests performed on the RIMR135 + RIMH137 epoxy system cured in different conditions. 
The glass transition temperature (Tg), remaining heat (Hrem) and degree of conversion has been defined 
accordingly. 
 
 The result from the isothermal DSC test (120h cure at 25°C) was then 
compared to a DEA test performed in the same environmental conditions. 30 g of 
the EPIKOTE RIMR 135 - EPIKURE RIMH 137 epoxy system was used to sufficiently 
cover an interdigital sensor and measurement of capacitance and dielectric loss 
CHAPTER 4: PRODUCTION MONITORING OF COMPOSITES 
 
 
90 
were acquired over 120h. The degree of cure was derived from the ion viscosity as 
defined in Eq. 9, Section 3.2. Results are displayed for different frequencies in 
Figure 4-18a. Notice that the curves differ in the initial stage of curing but then 
follow a similar monotonic trend. As mentioned already in Section 4.3.3, the peak 
observed within the first 10h of curing has no meaning in the curing evolution of 
the epoxy resin, but refers to the electrode polarization effect. This effect could be 
eliminated by developing an analytical solution accounting for the contribution of 
the ionic polarization in the initial stage of curing. This can then be subtracted to 
allow retrieving the ionic conductivity part only. However, as this is not easy to 
achieve and was not foreseen within the scope of the project, the problem was 
bypassed by appropriately selecting a high-enough excitation frequency not to 
capture this effect. In Figure 4-18b, the ion viscosity curve acquired at 800 kHz has 
been compared to the cumulated heat of the isothermal DSC test of reference. 
Despite the initial increase which is delayed in the DEA curve, due to the 
aforementioned reason, the two trends resemble each other. Towards higher 
degree of cure, the DEA curve (800 kHz) seems to slightly overestimate the curing. 
Lower frequencies (cf. Figure 4-18a 1 kHz curve) seem representing more 
accurately the second half of the curve.      
 
 
Figure 4-18. Isothermal curing of the RIMR135 + RIMH137 epoxy system cured for 120h at 25°C: (a) 
degree of cure for different frequencies obtained by DEA. (b) Validation with isothermal DSC test.   
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4.4 CURE MONITORING ON COMPOSITES  
 
 In this section a step further is taken into the application of the DEA 
technique to composite production monitoring. Integration of interdigital 
capacitive sensors into GFRP and CFRP laminates is presented and their curing 
process is monitored. The main question to answer concerns the influence that the 
reinforcing fibres have on the sensor readings. For instance, carbon fibres are 
known to be conductive and this will inevitably affect the electric field generated 
between the sensor fringes. Firstly, a cure monitoring test on a GFRP laminate 
produced by VARI is disclosed and compared with previous results on pure resin. 
Then, a CFRP prepreg laminate is introduced and its production with an-out-of-
autoclave process is monitored by a commercial DEA analyser.      
 
 
4.4.1 UDO ES 500 GLASS FIBRE / RIMR135 + RIMH137 
EPOXY RESIN  
 
 Six layers of unidirectional glass fibres (UDO ES 500, SGL 
Technologies GmbH, Germany) [28] were stacked on a flat glass mould (40 cm × 30 
cm × 1 cm) and sealed on the four edges with a vacuum bag, according to the VARI 
technique. Two dielectric sensors and two type-K thermocouples were embedded 
in the mid-plane (between the third and fourth layer) of the laminate, as can be 
seen in Figure 4-19a. On the right-end side of the laminate, the in-house developed 
IDS (W = g = 100 µm, L = 15 mm, finger number = 60) can be seen, whereas on the 
left-end side a commercial sensor IDEX 115 from Netzsch GmbH (Selb, Germany) 
with similar design was embedded. The resin, the EPIKOTE RIMR 135 - EPIKURE 
RIMH 137 epoxy system, was mixed and degassed according to the material TDS 
(mixing ratio of 100:30±2 by weight) and then infused. The resin outlet was 
connected to the vacuum line (Figure 4-19b), and once the whole laminate was 
impregnated, both tubes were clamped to stop the resin flow and keep the bag 
under vacuum. The composite plate followed the suggested curing cycle of 24h 
curing at room temperature plus a post-cure of 15h at 80°C. Results are here 
(Figure 4-20) compared with the curing result obtained for the pure resin system. 
Since the curing and post-curing profiles for this epoxy resin system have already 
been discussed, only the major differences in trends for the pure resin and the 
laminate are addressed.  First of all, it is worth to notice the resemblance between 
the two experiments. Therefore, assuming to characterize the resin rheology on a 
pure epoxy reference sample is justified, as long as the curing is performed under 
controlled conditions, without excessive exothermic effect. 
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Figure 4-19. Cure monitoring test on a GFRP laminate produced by VARI (a) UD glass fibres layers and 
sensor embedding. (b) Infusion table setup with LCR meter to acquire the readings of the in-house 
developed IDS, whereas the DEA 288 Analyser from Netzsch® acquires the measurements of the IDEX 
115 commercial sensor. 
 
The permittivity versus curing time is plotted in Figure 4-20a at a selected 
10 kHz frequency. The initial value of ε’ for the GFRP is higher because of the 
contribution of the glass fibre. A slower increase of ε’ is seen for the GFRP 
(approximately 3 min), because of the time required for the resin to impregnate 
the glass fibre and thus reach the embedded sensor. During room temperature 
curing, a similar trend of change of ε’ is found (Figure 4-20b). Since the ε’ of the 
resin at the early stage of curing is higher than that of the glass fibre, a higher ε’ is 
measured for the pure resin. With the progress of the cure, the ε’ of the pure resin 
continues to drop while that of the glass fibre remains almost constant. A lower ε’ 
is seen at the end of the room temperature curing for the pure resin. At the 
beginning of the post-curing, the ε’ of the pure resin surpasses that of the GFRP as 
shown in Figure 4-20c and d, since the reinforcing fibres slightly limit the resin 
exothermic effect. Subsequently, when the temperature increases and passes the 
Tg, resin vitrification at higher temperature occurs. The resin becomes glassy again 
and its ε’ drops, resulting in a lower value for the pure resin (ε’= 3.7) than for GFRP 
(ε’= 3.95). Similar results have been obtained also for the measurements of the 
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commercial IDS with the DEA 288 from Netzsch® and for brevity will not be 
disclosed in this dissertation. 
 
 
Figure 4-20. Comparison of the dielectric behaviour of pure resin and GFRP during curing. (a) Dielectric 
measurement during first 9 minutes, (b) during full 24h curing, (c) measurement during first 4h post-
curing and (d) full 24h post-curing. 
 
 As to complete the comparison between the pure resin and the GFRP 
dielectric behaviour, two fully cured samples (i.e. 24h room temperature cure + 
15h at 80°C post-cure) were thermally cycled from 20 to 80°C and capacitance 
measurements at different frequencies were acquired. Results are shown in Figure 
4-21: the pure resin (EPIKOTE RIMR 135 - EPIKURE RIMH 137) sample (Figure 4-21a) 
shows slightly lower capacitance when cured than the corresponding composite 
sample, made by the same resin reinforced with UDO ES 500 glass fibres (Figure 4-
21b). However, the two trends are clearly overlapping, proving that the presence of 
glass reinforcements is not altering the dielectric behaviour of the cured resin. 
Linear regression equations are derived and compared in Table 4-5 for both cases.  
 
frequency 
neat resin GFRP 
y = m*x + q 
100 Hz y = 0.038113*x + 40.12 y = 0.040228*x + 42.31 
1 kHz y = 0.037512*x + 39.75 y = 0.037382*x + 42.01 
10 kHz y = 0.044416*x + 38.79 y = 0.041348*x + 41.22 
100 kHz y = 0.056021*x + 37.24 y = 0.047842*x + 40.06 
1 MHz y = 0.058544*x + 35.27 y = 0.048045*x + 38.36 
 
Table 4-5. Linear regression equations of the capacitance variation in function of temperature for both 
neat resin and GFRP. 
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Figure 4-21. Capacitance measurements during a temperature sweep for a fully cured sample of (a) neat 
RIM resin and (b) RIM resin reinforced with UDO ES 500 glass fibres. The comparison highlights no 
changes in trend but only a slight decrease of capacitance is observed for the GFRP sample.   
 
 
4.4.2 M10/T300 CARBON FIBRE PREPREG 
 
 This cure monitoring test was performed on a M10R/UD300–38% CFRP 
prepreg material using an out-of-autoclave process. Four layers (120 x 80 mm
2
) of 
unidirectional T300 carbon fibre reinforcement from Torayca® (Santa Ana, CA, USA) 
[29] pre-impregnated with an M10R epoxy matrix from Hexcel® (Stamford, 
Connecticut, USA) [30] were stacked on top of each other. A commercial IDS 
filtered IDEX115 (Table 4-2) from Netzsch® GmbH (Selb, Germany) and a type-K 
thermocouple were embedded between the second and third layer (Figure 4-22a). 
The IDS was already provided with a fiberglass insulation layer which avoided the 
conductive carbon fibre to get in contact with the wired connections and the active 
part of the sensor. The laminate was vacuum-bagged and placed in a 
programmable oven TR240 from Nabertherm® GmbH (Bremen, Germany) heated 
at 1°C/min and cured at 120°C for 2h (Figure 4-22b). A vacuum of – 0.85 bar was 
kept during the whole curing process.              
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Figure 4-22. Out-of-autoclave cure monitoring of a carbon fibre prepreg M10/T300 using the Netzsch® 
DEA 288 analyser. (a) Stacking of the prepreg layers and embedding of the IDS and thermocouple, (b) 
vacuum bagging and curing in the oven. 
 
 In Figure 4-23, the cure diagrams for the ion viscosity and the dielectric 
loss during the production process are presented. As the resin starts off in a “gelly” 
state, there is an initial time required before it impregnates through the glass fibre 
filter layer of the IDS and the actual resin status can be measured. This is 
highlighted in both curves by an initial fluctuating signal which is then followed by a 
sudden jump when the resin reaches the active sensor part. From this point on, the 
ion viscosity, which is directly connected to the physical resin viscosity, decreases 
continuously as the material is heated. Both ion viscosity (or dissipation factor) and 
temperature present a non-uniform change in this region, due to the fact that the 
resin is changing its physical status from semi-solid to liquid. The ion viscosity 
presents its minimum at about 2.5h, when the temperature has reached 120°C 
(nominal curing temperature). At this point the resin starts to cross-link as it can be 
observed by the sharp drop of dielectric loss. The curve presents then a plateau 
while the temperature is maintained followed by the normal curing behaviour as 
the oven is switched off. In this region, the ion viscosity departs from the real 
behaviour of the physical viscosity which now approaches a vertical asymptote, 
being the laminate cured and in a solid state.  
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Figure 4-23. DEA cure monitoring results: (a) the ion viscosity is clearly related to the resin viscosity and 
(b) the dielectric loss during the out-of-autoclave process.  
 
With the results proposed in this section, one can conclude that 
monitoring the cure of CFRP by means of DEA is possible and leads to reliable 
results. Some precautions should be considered to avoid the conductive carbon 
fibres to get directly in contact with the active part of the sensor. This can easily be 
avoided by adding an isolating glass fibre layer.  
 
 
4.5 CURE MONITORING WITH SENSOR NETWORK 
 
 In this section, three different curing experiments by means of a network 
of sensors will be applied to diverse composite production processes. First, a 
sensor network was integrated in a PMMA mould and used to monitor the cure of 
dog-bone shaped epoxy specimens. The second example concerns the integration 
of two IDS sensors on a reusable silicone mould for VARI process. This application 
was selected to prove the feasibility of integrating capacitive sensors in a low-cost 
mould produced by silicone spray technology. As last chosen example, a sensor 
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network having IDS and temperature sensors has been used to characterize the 
curing profile of a tapered GFRP laminate.   
  
 
4.5.1 MOULD FOR DOG-BONE SPECIMENS PRODUCTION 
 
 As already stressed at the beginning of the Chapter, in order to obtain a 
reliable structure with the required mechanical, thermal, and chemical properties, 
the curing cycle needs to be controlled with the correct process parameters (e.g. 
temperature, pressure and curing time). It is clear that a correct assessment of the 
mould filling and of the cure degree would allow optimizing these process 
parameters. Such optimization could reduce production costs, and improve part 
quality. Here, it was decided to develop the IDS technology on a flexible foil and 
integrate it in a mould for Vacuum Assisted Resin Transfer Moulding (VARTM). This 
process makes use of vacuum as driving force to enable the flow of resin, but 
differs from the VARI by having a closed mould instead of a vacuum bag. A PMMA 
(i.e. Plexiglas) mould was designed for this purpose. Figure 4-24a shows the 
experimental setup used for the test. The lower flat half-mould carries the flexible 
sensor foil which was attached by means of double-sided adhesive tape (with 
similar thermal expansion as the flexible foil) to the PMMA.  
 
 
Figure 4-24. (a) Fabricated flexible foil with integrated IDS attached to a PMMA mould for in situ real-
time monitoring of a VARI process. (b) Enlargement of the sensors area. 
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On the upper half-mould four dog-bone shaped grooves were milled and resin 
channels were made in order to have a uniform flow of resin completely filling the 
mould. Quick vacuum connectors were screwed at the resin inlet and outlet points. 
The mould was sealed relying upon through-bolts connections. The PMMA mould 
material, although not as durable as metal (e.g. steel or aluminium) was preferred 
because of its dielectric properties and for its transparency, which allowed 
controlling the proper mould filling during the process. The flexible foil with 
integrated IDS was designed to be insensitive to the medium below the lower 
copper layer (and bottom mould in this case), in such a way to allow integration to 
any mould material without the need for calibration. Furthermore, due to the one-
side access of the sensor structure, the flexible foil can accommodate different top-
mould geometries. Three IDS-like geometries were patterned on the foil (Figure 4-
24b): an open circuit, a short circuit and the real IDS with the following design 
features: W = g = 100 µm, L = 10 mm, fingers = 100. The two additional circuits 
were required to perform an initial calibration to account for the cables and setup 
influence. The usual EPIKOTE RIMR 135 - EPIKURE RIMH 137 epoxy system, was 
mixed and degassed according to the material TDS (mixing ratio of 100:30±2 by 
weight) and then infused into the mould through the resin inlet. The vacuum level 
was set to -0.30 bar and the mould placed vertically in order to ease the escape of 
air trapped in the mould cavities. Once completely filled, the mould was left at 
room temperature for 24h. In situ real-time capacitance and conductance 
measurements, and calculated ε’ are shown in Figure 4-25 for the room 
temperature curing.    
 
 
Figure 4-25. Real-time dielectric monitoring of room temperature cured epoxy using a flexible sensor 
foil: (a) measured capacitance, (b) resolved ɛ’, (c) measured conductance, (d) resolved ɛ’’. 
CHAPTER 4: PRODUCTION MONITORING OF COMPOSITES 
 
 
99 
 At the beginning of the process, as shown in Figure 4-25a, large increase in 
capacitance is seen when the resin flows over the IDS. For example, at 1 MHz, the 
capacitance increases from 80 to 140 pF. Accordingly, the calculated ɛ’ increases 
from 1 to 8 (Figure 4-25b) seeing the change from air to liquid epoxy of the 
material under test. A higher measured value for ɛ’ at 1 kHz is observed because of 
the electrode polarization phenomenon, which occurs at lower frequencies. During 
the curing of the resin, cross-linking of polymer chains results in the growth of a 
polymer network with higher molecular weight. A higher molecular weight means 
more entanglement at molecular level, and higher viscosities, leading to a 
restricted ionic diffusion. Electrode polarization disappears at around 6h at 1 kHz. 
Along the curing progress, as the temperature of the resin increases and 
approaches the cure temperature, the glass transition occurs. In an isothermal 
condition, the cure process gradually shifts from a chemical-controlled to a 
diffusion-controlled process because of the increasing viscosity of the system, 
resulting in a slower reaction rate as time progresses. The ɛ’ undergoes a sigmoidal 
decreasing, which is interpreted as the decreasing mobility of the rotational 
dipoles. This decrease is first seen at higher frequencies (1 MHz) and shifts to lower 
frequencies as the cure continues. After the transition, the ɛ’ gradually approaches 
an asymptotic value. The asymptotic value suggests lack of any additional cross-
linking that would further restrict the mobility of the dipoles, thus indicating the 
vitrification, or the rubber-to-glass transformation of the system. This is in 
agreement with the rheological measurements shown in Section 4.3.3. It is worth 
to notice that the measurements, especially at 1 kHz, show higher noise than seen 
for previously presented results. This has probably to do with the new sensor 
design carrying a lower copper shielding layer and to the calibration procedure. 
Nevertheless, all the different stages of the resin curing were easily recognizable. 
The dog-bone shaped samples were demoulded and tested under tensile loading as 
benchmarking to define the neat resin tensile properties. Results are not included 
here. The idea behind this task was to then perform other curing tests using 
different curing temperatures and test the specimens in order to assess the 
influence of the curing cycle on the resin properties.              
 
4.5.2 SILICONE MOULD WITH INTEGRATED IDS  
 
 In this section, results on a cure monitoring test performed on a GFRP 
composite tray produced by VARI are disclosed. Besides the cure monitoring result, 
the intention of this section is to prove the feasibility of integrating IDS in industrial 
production processes: particularly, this was applied on a reusable vacuum bagging 
for VARI produced by silicone spraying process [31]. No similar attempts could be 
found in literature. In Figure 4-26, the VARI setup with the LCR meter used to 
acquire the capacitance and dielectric loss values during the infusion and following 
cure process are presented. Two IDSs were embedded at the opposite ends of the 
silicone bag and were reinforced with some fabric. The sensor’s active surface was 
positioned at the mould surface in contact with the composite material. One of the 
sensors was developed in-house (W = g = 100 µm, L = 15 mm, finger number = 60) 
and the other was a commercial IDEX115 provided by Netzsch® GmbH (Selb, 
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Germany). Two-wire connection was used in this case to connect the sensors to the 
readout LCR meter. A total of two glass fibre mat layers were cut to the tray 
preform size and a two-component polyester resin was infused. The resin was 
poured over the central region of the preform. The vacuum was pulled from two 
hoses on the bottom mould, using a vacuum pump and a resin trap was used to 
capture the excess resin. After completing the infusion, the pump was turned off 
and the resin outlet clamped. Measurements with a frequency sweep from 200 Hz 
to 1 kHz were acquired over a period of 20h. The experiment was performed in 
environmental lab conditions (approximately 22°C). No temperature information is 
available from the curing. 
  
 
Figure 4-26. Silicone mould with integrated IDS for DEA cure monitoring of composites by means of VARI 
process. 
 
In Figure 4-27, the capacitance and dielectric loss values over the 20h 
curing are represented. In this case, due to the two-wire connectors, the initial 
capacitance (amounting to a value of 40 pF at 200 Hz) is considerably lower than 
the values presented in previous results (Figure 4-13a). It is worth to mention that 
this value corresponds to the dielectric of the glass fibre mat material impregnated 
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with the polyester resin in contact with the sensor. Once the resin impregnates into 
the fibres and wets the sensor, the capacitance begins to quite steadily decrease 
until 4h when a first plateau is reached. Here, the resin vitrification process takes 
place. A bit earlier than 8h the curve starts to decrease again, but now having a 
mild decay. After approximately 16h, all the curves level off to a constant 
capacitance of 31 pF. From the dielectric loss diagram, no electrode polarization 
effect is noticed, either because of the glass fibre influence or because of the lack 
of impurities in the resin itself.  
     
 
Figure 4-27. Dielectric monitoring of a GFRP laminate using a IDS embedded in a silicone mould: (a) 
capacitance, (b) dielectric loss, (c) ion conductivity and (d) degree of cure. 
 
 In Figure 4-27c and d, the ion conductivity and the calculated degree of 
cure are reported, respectively. Particularly, the degree of cure shows an initial 
frequency dependency of the measurements until approximately  10h when the 
resin mobility, being restricted after vitrification, results in an overlapping of all the 
curves, that saturates finally after approximately  16h. This indicates that the curing 
process at room temperature has completed. Afterwards, the laminate was post-
cured in the oven at 70°C for 12h. Both capacitance and dielectric loss showed 
additional curing happening after reaching the post-curing temperature. In this 
case, the resin and the oven temperatures were monitored. Results are presented 
in Figure 4-28. To be mentioned, is the lower quality of the data especially for the 
dielectric loss at lower frequency, which is due to the influence of the oven on the 
cablings or to a non-optimal calibration of the setup.           
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Figure 4-28. Dielectric monitoring of a GFRP laminate using an IDS embedded in a silicone mould: (a) 
capacitance, (b) dielectric loss during post-curing. 
 
 
4.5.3 LAMINATE WITH PLY DROP-OFF 
 
 As last example of IDS integration in composite production monitoring, a 
more sophisticated sensor network was developed by the CMST department of 
Ghent University and the results of its integration in a GFRP tapered laminate will 
be reported. The laminate was manufactured by VARI process using unidirectional 
glass fibre reinforcements UDO ES 500 from SGL Technologies GmbH (Wiesbaden, 
Germany). The layers were cut to different sizes and laid on a flat glass mould 
resulting in a tapered symmetrical laminate with the following layup (09,07,05,0)s. 
The flexible sensor network was embedded on the laminate mid-plane, as it can be 
seen from Figure 4-29.  
 
 
Figure 4-29. Capacitive sensor network embedded in the GFRP tapered laminate: (a) network with 16 
sensor islands interconnected by in-plane meander for improved stretchability. Every “node” consists of 
an in-house designed capacitive sensor and a temperature integrated chip. (b) Laminate layup details 
and sensor network embedding location; enlargement of the in-plane meander.  
 
The network consisted of 16 interdigital sensors distributed across the 
whole surface of the composite stack, with meander shaped stretchable 
interconnections between sensors [32],[33],[34]. Each capacitive sensor island was 
designed to house additional sensors, for multiple purposes. In this case, some of 
CHAPTER 4: PRODUCTION MONITORING OF COMPOSITES 
 
 
103 
the IDS carried also a temperature measurement Integrated Chip (IC). The 
stretchable interconnections allow the sensor to stretch and adapt to the preform 
geometry. This improves the reliability of the sensor network during the composite 
manufacturing process [35]. The designed stretchable capacitive sensor network 
can be used in manufacturing processes where large deformations are involved, as 
for instance thermoforming processes. An in-house developed IDS was placed next 
to one of the IDS of the sensor network to have a reference measurement (top-left 
corner Figure 4-29a).  
 
The fibre laminate was sealed at the 4 edges by means of a vacuum bag 
and a pressure sensitive tape. The usual EPIKOTE RIMR 135 - EPIKURE RIMH 137 
epoxy system, was mixed and degassed according to the material TDS (mixing ratio 
of 100:30±2 by weight) and then infused into the mould through the resin inlet. 
The laminate was cured at room temperature for 24h and post-cured in the oven at 
80°C for 15h. In Figure 4-30, the experimental setup used for the test is depicted: 
the infusion table with in the middle the glass mould and the vacuum bagged 
laminate.  
 
 
Figure 4-30. Cure monitoring on a tapered GFRP laminate by means of a capacitive sensor network: (a) 
infusion table with experimental setup for the cure monitoring test, (b) Vacuum bagged GFRP laminate 
with variable thickness. 
 
Figure 4-30b shows the tapering of the GFRP laminate, the resin entering 
the thicker region and flowing with a straight front towards the thinner section. 
The sensor network measurements were acquired by a low-cost acquisition unit 
(Arduino®) interfaced to PC running a C++ based software. For the reference IDS, 
the usual HP 4284A Precision LCR meter was used. Temperature was also acquired 
during the curing and post-curing.  First, the change of the composite’s capacitance 
and dielectric loss during curing and post-curing was monitored by the reference 
capacitive sensor. A broad frequency measurement band was performed by the 
LCR meter from 100 Hz – 1 Mhz with 10 points per decade.  
 
The result of the reference IDS is presented via 3D plots in Figure 4-31 
with on the x axis the time in hours, on the y axis the frequency (in log scale) and 
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on the z axis the capacitance in pF. By comparing the data with previous 
measurements on pure resin (cf. Figure 4-13), an offset in absolute values is 
observed but no difference in the overall trend. Therefore, it can be concluded 
once more that the fibre content of the composite does not influence the cure 
profile of the single polymer constituent. The peak in dielectric loss (Figure 4-31c), 
as well as the relatively big decrease in capacitance (Figure 4-31a), marks the reach 
of the vitrification, indicating a transition of the resin from a gelly to a glassy state. 
During the post-curing, a double peak in dielectric loss was observed for lower 
frequencies, whereas for higher frequencies this tends to merge into a single peak.  
   
 
 
Figure 4-31. Change of composites’ capacitance during (a) curing and (b) post-curing from the reference 
capacitive sensor measured by the LCR meter. Dielectric loss during (c) curing and (d) post-curing 
referring to the same IDS. 
 
Figure 4-32 shows the capacitance measured by the sensor network 
during the curing. Different colour corresponds to measurement at different 
locations in the composite. A rapid increase in capacitance at the beginning of 
curing (Figure 4-32a) indicates the exact moment when the resin has reached the 
capacitive sensor. The readings were in agreement with the visual inspection of the 
resin flow front seen on the top surface of the laminate. This proves the capability 
of the capacitive sensor network technology to monitor the resin flow inside a 
composite laminate, enabling therefore to gather relevant process parameters 
information. Figure 4-32b suggests a synchronous curing profile across the whole 
composite stack, proved by the same trend of capacitance measured by the 
different sensor nodes located in the composite stack (shown as different colours 
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in the figure). The quality of the measurements is not as accurate as the readings 
from the LCR meter, but this is reasonable since a low-cost readout electronic was 
used instead. Nevertheless the overall curing trend is clearly recognizable.  
 
 
Figure 4-32. Change of composites’ capacitance at (a) the beginning of curing and (b) full curing. 
Different colour corresponds to measurement on different sensor nodes: same trend of capacitance 
indicates a synchronous curing across the whole composites. 
 
 Next, the capacitance obtained by the sensor network is compared to the 
reference measurement made by the LCR meter. From Figure 4-33, the same trend 
of capacitance by both measurements is observed. The typical phases of polymer 
curing are present: a steep increase at the beginning indicates the flow front of the 
resin, followed by a steady decrease which corresponds to the hardening of the 
composite.  
 
 
Figure 4-33. Comparison of capacitance measurement done by LCR meter (top) and custom network 
readout (bottom), a same trend of capacitance is clearly observed during the composite curing. 
 
CHAPTER 4: PRODUCTION MONITORING OF COMPOSITES 
 
 
106 
The vitrification starts at around 16h which is characterized by a steeper 
decrease of capacitance. A peak at the beginning of the post-curing cycle explains 
the further polymerization or exothermic reaction caused by the increase of 
temperature and then the capacitance curve stabilizes, indicating the near 
completion of the full cure. Note that a further decrease of capacitance, even if 
minor, can still be observed. Its magnitude is comparably smaller than at the 
beginning of cure. The temperature influence on the capacitance measurements 
was observed at 16h of post-cure. These were again caused by the temperature 
dependency of the resin dielectric properties.  
 
As a conclusion, the capacitive sensor network was able to capture key 
phenomena along the curing and post-curing. In addition, thanks to the stretchable 
meander shaped interconnects, the sensor network was able to survive the VARI 
process and its composite curing. Such an interdigital sensor network can be 
applicable not only to a laboratory scale for research purpose, but can also be up-
scaled and designed for in-situ monitoring of real industrial manufacturing 
processes. It can either be embedded inside the composite as a part of the 
laminate, or can be integrated on one side of the mould, being in direct contact 
with the composite. In the case of a sensor network embedded in the composite 
layup (or next to its surface), the latter is not only useful for production monitoring, 
but also for composites ageing monitoring during service of the structure. This 
could be the case of ageing monitoring of polymer based infrastructures subjected 
to ultraviolet radiation. The polymer chemical composition will be altered due to 
the ageing, this change will reflect in different dielectric properties, which can be 
detected by the sensors. Costly manual inspections on regular basis in a harsh 
environment can be avoided by using intelligent sensor based systems. 
 
 
4.6 CONCLUSIONS 
 
 This Chapter presents a set of production monitoring experiments on 
composite materials. This work is of importance to better interpret the results 
disclosed in Chapter 6, where production monitoring of composite components 
produced via the RTM process will be described. A first review on the relevant work 
found in literature concerning residual strain monitoring of composites by means of 
FBG sensors is given. Then, the topic on cure monitoring of composites by means of 
DEA is reviewed. The overall aim of the Chapter is to link the information retrieved 
by the two measurement techniques to tell more about the cure phenomenon. The 
Chapter is divided in two sections: the first deals with the production monitoring of 
pure resin systems, while in the second, composite laminate production processes 
are monitored by single or multiple IDS sensors. DEA was validated against DSC. 
Results show in general a good agreement, despite an initial underestimation of 
the degree of cure measured by the DEA at 100 kHz. As a reference material, a two 
component epoxy resin (EPIKOTE® MGS RIMR 135 resin and the EPIKURE® MGS 
RIMH 137 hardener) was chosen [25]. For this resin, the influence that the cure 
temperature (i.e. 25°C, 35°C and 55°C) and the amount of resin (i.e. 20 g and 200 g) 
CHAPTER 4: PRODUCTION MONITORING OF COMPOSITES 
 
 
107 
have on the reaction was investigated. In general, higher temperatures and resin’s 
quantities accelerate the rate of conversion. Accordingly, higher compressive 
residual strains were measured for higher cure temperatures. 
 
When applying DEA to measure the cure of composite laminates, it can be 
concluded that not much difference is observed with respect to the pure resin 
behaviour. However, careful attention should be paid when embedding IDS sensors 
in CFRP laminates. In fact, because of the conductive nature of the carbon fibres, 
the sensor should be isolated by means of an additional filtering layer. 
 
In the second-half of the Chapter, examples of IDS sensor integration for 
production monitoring of composites are provided. Low-cost IDS sensors were 
integrated, for the first time ever, in a silicone mould for production of composite 
laminates by the vacuum infusion process. Additionally, a flexible foil with 
integrated IDS sensors was laminated on a mould surface and it allowed to follow 
the cure of dog-bone epoxy resin specimens. Results proved that the technology 
can be adapted for industrial applications and this can be achieved with limited 
investments. No similar attempts could be found in literature. 
 
As last section of the Chapter, an IDS sensor network specifically 
developed for cure monitoring of composites was developed. This network was 
used in combination with a low-cost compact readout unit (Arduino®). To the 
author best knowledge, this is the first time that a low-cost DEA sensor network 
system was proposed in literature. The DEA system successfully captured the cure 
of a GFRP laminate with ply drop-off. This result is the outcome of the sensor 
network design presented in Chapter 3, Section 3.4.     
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5 
OPTICAL FIBRE COMPOSITE 
INTERACTION FOR FATIGUE LIFE 
MONITORING 
 
 
 
 
 
 This Chapter presents the results on the “mutual” interaction of optical 
fibre sensors (OFS) embedded in composite laminates. The term “mutual” refers to, 
on one hand, the response over time of the sensor when the laminate is loaded 
and, on the other hand, the effects, if any, that the sensor has on the composite 
life. Particularly, the critical conditions which initiate a crack in the sensor 
surrounding and that can lead to a larger damage accelerating the specimen’s end-
of-life are of interest in this Chapter. Firstly, a literature review on the damage 
identification using FBGs is given in Section 5.1. The topic of sensor/composite 
distortion is discussed in Section 5.2. In Section 5.3, some issues related to the fibre 
embedding are cited. To better analyse these issues, the Non-Destructive 
Technique (NDT) known as micro computed tomography (micro-CT) was adopted 
to investigate the internal state of the composite material at the sensor location. In 
Section 5.4, an introduction of the technique is provided. The technique was used 
to assess damage in laminates with embedded fibres, which were subjected to 
fatigue testing. Therefore, in Section 5.5, the fibre embedding and sample 
production is described. Then, in Section 5.6 micro-CT scans on these produced 
specimens are presented. 
 
In Section 5.7, some considerations on the sensor response under static 
testing are introduced. This is of importance to evaluate the correctness of the FBG 
strain measurements; therefore validation with conventional strain measurements 
was performed. Section 5.8 introduces the tests under tension-tension and 
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tension-compression fatigue. Different combinations of composite materials (i.e. 
CFRP as well as GFRP) and fibre diameters are considered.  
 
Additionally, in Section 5.9 other micro-CT scans obtained on different 
combinations of composite materials and optical fibres are proposed in order to 
further explore the potential of the technique for characterization of embedded 
sensors. To conclude, in Section 5.10, a summary of the innovative results 
proposed throughout the Chapter is recapitulated.   
          
5.1 DAMAGE INVESTIGATION USING FBGS 
 
 Fibre Bragg Grating (FBG) sensors have been widely used to detect 
damage in composite structures. The large interest in understanding the often 
difficult composite behaviour and the applicability of the sensor technology to 
many composite sectors results in extensive studies in literature. Aside from the 
residual strains investigation which was discussed in Chapter 4 and which has more 
to do with the production of composites, many cases related to damage 
identification of in-operation composite structures can be cited. For instance, a lot 
of interest has been shown in literature for load monitoring and damage detection 
of aircraft structures [1]. Tsutsui et al. [2] embedded both SM and MM small 
diameter optical fibres (40 µm cladding diameter with polyimide coating) in a CFRP 
stiffened panel, representative of an aircraft structure, subjected it to impact and 
investigated the relationship between the optical responses, the impact load and 
the impact damage.  
 
Another interesting field of research concerns delamination and 
debonding detection. FBG sensors can easily be embedded next to a bond line 
between two composite layers, or directly in the adhesive zone [3]. Takeda [4] 
proved that small-diameter FBG sensors can successfully be embedded at the ply-
interface of CFRP cross-ply laminates and can detect delaminations. The reflection 
spectra from the sensors were measured at various delamination lengths during 
four-point bending, showing spectrum shape changes as the delamination length 
increased. Minakuchi [5] developed a smart crack arrester in a composite foam-
core sandwich structure, which could simultaneously arrest and detect a crack 
propagating along the skin/foam interface. Two FBG sensors were embedded at 
both edges of the arrester to monitor the internal strain change induced by crack 
propagation. Silva-Muñoz [6] embedded distributed FBGs in secondary bonded 
woven E-glass/vinylester composite doubler plate joints and subjected them to 
tension fatigue to induce stable crack propagation. The changes in longitudinal 
strain distribution during the fatigue tests were correlated with crack growth and 
also a progressive shift of the strain distribution in the vicinity of the crack was 
observed. Sulejmani et al. [7] applied Multi-structured Optical Fibre (MOF) sensors 
with enhanced shear stress response to a single-lap shear joint and detected the 
initiation and growth of disbonds. The change in response of the sensors to tensile 
loading of the joint was used as a measure for the shear stress redistribution in the 
bond layer caused by disbonding.  
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Other methods based on modal analysis were used by Lamberti et al. [8] 
who presented a procedure to monitor propagating delaminations in a composite 
beam with two embedded FBG sensors undergoing dynamic fatigue loading. The 
delamination growth was visually inspected and its change was related to the beam 
natural frequency variations measured by the FBGs. Comparisons with surface 
mounted accelerometers confirmed the good estimations of the FBGs 
measurements.  
 
The identification of transverse cracks induced damage on cross-ply 
laminates is also of great interest. Takeda et al. proposed several works where they 
used FBG sensors to detect transverse cracking. In one of his first works, Takeda [9] 
embedded an uncoated FBG sensor at the 0°/90° interface of a CFRP cross-ply 
laminate, resulting in a highly deformed spectrum as a consequence of the non-
uniform strain profile to which it was subjected. The shape of the sensor spectrum 
measured at increasing tensile stresses during a static test became broader and an 
increasing number of side peaks was observed as the transverse crack density in 
the 90° ply increased. After the crack density was saturated, the spectrum became 
narrow with one large peak again. He confirmed the results by theoretical 
calculations, proving that FBG sensors could be used for a quantitative evaluation 
of the transverse crack density in real time. In later works, he also used different 
FBG sensor types, as for instance Polymer Optical Fibres (POF) (i.e. which are 
known to be very sensitive to transverse deformation compared to silica optical 
fibres) to measure the loss in optical power generated by transverse cracking [10]. 
Successively, he investigated the effect that the FBG sensor coating has on the 
strain transfer, and he found that thicker and softer coatings filter more the non-
uniform strain distribution. As a result, the variation of the axial strain in the core of 
a polyimide coated FBG sensor was smaller than that of an uncoated FBG sensor, 
yet the two spectra had about the same reflected power, meaning that the coating 
itself was not deteriorating the fibre sensitivity for crack detection [11].  
 
 The proposed results were obtained for static tests on composite 
laminates. In the author’s opinion, one relevant research question, which has not 
been completely covered in literature is the sensor response to fatigue loading of 
composite laminates. The sensor is expected to perform in a similar way as it has 
been shown from the results disclosed by Takeda in his static tests [9],[10],[11], yet 
it is not clear if sensor/composite debonding will occur and hence, if the sensor 
response will be influenced by other mechanisms other than the transverse 
cracking damage effect. In the second half of this Chapter, these aspects are 
investigated via extensive fatigue testing. 
 
  
5.2 SENSOR/COMPOSITE INTERACTION 
 
 Up to this point, not much has been said on the sensor/composite mutual 
interaction. A literature review on the most relevant works done to answer this 
essential research question is here proposed. Part of the research is a continuation 
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of the work of Lammens [12] as a direct follow up of the FP7 European project 
Smartfiber [13]. It is common knowledge that, whenever embedding a foreign body 
(with larger dimensions and with considerably different stiffness than the original 
constituents) in a composite laminate, this will act as an obstruction and creates 
stress concentrations in its surroundings. Additionally, during composite 
production resin rich areas originate at the inclusion surroundings, generating what 
is often referred to as a resin pocket. Resin pockets can have different dimensions 
depending on the size of the inclusion and on the location of the embedding. For 
instance, an optical fibre which is embedded orthogonal to the reinforcing fibres 
results in a much larger resin pocket than if the same fibre was embedded along 
the reinforcement direction [14]. 
 
 
Figure 5-1. Cross-sectional images from an optical microscope of a CFRP cross-ply laminate. (a) Stripped 
80 µm fibre embedded aligned with the reinforcing fibre direction, (b) coated 80 µm fibre embedded 
orthogonal to the reinforcing fibres.   
 
 Even when resin pockets are completely avoided (Figure 5-1a), the 
mismatch in material properties still results in the creation of additional stress 
concentrations surrounding the inclusions. Lammens [15] developed a FEM tool 
which predicted the geometry of a resin pocket inside an arbitrary composite 
laminate layup in which an optical fibre was embedded and computed the arising 
additional stresses. Additionally, he investigated the influence of the optical fibre 
coating properties (specifically the coating thickness) on these stresses. An 
optimization methodology capable of providing optimal coating properties for any 
type of laminate layup and loading conditions was developed. This allowed to 
define an optimal coating thickness, which minimizes the stress concentrations 
around the sensor for any arbitrary layup and loading conditions. 
 
 Other researchers have also been studying the coating optimization 
problem in a numerical way. For instance, Hadjiprocopiou et al. [16] undertook a 
parametric study to determine the theoretical mechanical and thermal properties 
of the composite/coating interface that minimize the stress concentrations. These 
stresses are affected by the dimensions, the mechanical and thermal properties of 
the coating, as well as by the residual thermal stress induced during manufacturing. 
Yuan [17] performed an analytical study on a finite length embedded optical fibre 
and defined the distribution of interfacial shear stress at the fibre/coating interface 
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and the axial strain distribution in both fibre and composite. The maximum shear 
stress for different embedding lengths decreased with increasing coating 
thicknesses and the thinner the fibre coating layer, the steeper the slope of the 
shear stress curve. Barton [18] investigated the effect of thickness and Young’s 
modulus of the coating material on the stress distribution around an optical fibre 
embedded in a GFRP cross-ply laminate. She considered different embedding 
positions: at the 0°/90° interface, in the middle of the 0° ply and at the laminate 
surface. She defined a practical design curve with the optimum combination of 
coating thickness and Young’s modulus to minimize the sensor obstruction.  
 
Other studies focused more on investigating experimentally the 
mechanical properties of composite laminates with embedded optical fibre sensors 
subjected to static loading. Jensen et al. [19] have investigated the reduction in 
static tensile and compressive properties caused by the incorporation of optical 
fibres in a graphite/bismaleimide matrix. The optical fibres used were 250 µm in 
diameter with an acrylate coating. Optical fibres were embedded both parallel and 
perpendicular to the loading direction. A [03,902,0]s laminate layup was used. The 
largest reduction in strength and stiffness was found for the case where the optical 
fibres were perpendicular to both the loading direction and the surrounding 
reinforcing fibres. In this case, a reduction in stiffness of 9% and in strength of 11% 
were observed during tensile testing. A strength reduction of 70% and a stiffness 
reduction of 20% was observed during compressive testing. Seo [20] investigated 
the effect of embedded optical fibres on the transverse cracking of cross-ply GFRP 
laminates tested under tensile static loading conditions. Generally, the transverse 
crack spacing was not affected significantly by the fibre inclusion, but when lower 
stress levels were considered, smaller crack spacing was observed than in 
specimens without embedded optical fibres. The effect of embedded optical fibres 
on the compressive strength and stiffness of a graphite–epoxy composite, 
AS4/3501-6, was studied by Mall et al. [21] who manufactured five laminates 
consisting of 30 plies (40% 0°-plies, 20% 90°-plies, and 40% -45°-plies). Different 
numbers of optical fibres, outer fibre diameters, embedding locations, and 
orientations were considered and tested under compression, with the load 
direction always perpendicular to the fibre direction. Mall confirmed that when the 
optical fibres were embedded parallel to the reinforcing fibres no degradation of 
the compressive strength, nor change in modulus was observed. On the contrary, 
when the optical fibres were oriented perpendicularly to the surrounding graphite 
fibres, the maximum reduction in compressive strength was 27%. Hadzic [22] tried 
embedding more than one optical fibre in the same laminate and discordant results 
were found: the static tensile failure load of composite laminates with high optical 
fibre density (28 fibres at each ply interface) decreased by approximately 33% in 
the case of a commercial AS4/3501-6 (carbon-epoxy) tape material, but was left 
unaltered in the case of the Fibredux 914® unidirectional carbon prepreg.  
 
Lee et al. [23] investigated initiation and growth of damage in GFRP 
specimens exploiting their material transparency by guiding a laser signal through 
the fibre. They claimed that no significant effect was noticed on the strength and 
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stiffness properties of the material, whereas the fatigue life was affected. 
Additionally, they also found that the life of the fibre sensor itself was considerably 
affected.  
Roberts and Davidson [24] carried out a program of mechanical tests to 
determine the effect of incorporating a variety of optical fibres into a 
carbon/epoxide composite system. Unidirectional samples were produced. In a first 
step, the transverse tensile properties of samples with the optical fibres built-in 
parallel to the material fibres were investigated. An acrylate coated optical fibre 
caused strength reductions up to 22%. A polyimide coated fibre with smaller 
dimensions caused strength degradations up to 44%, thus suggesting that this 
coating has a more severe influence on the properties of the resulting composite 
system. The authors attributed this to the higher stiffness of the polyimide coating. 
Based on this observation the authors chose two types of optical fibre for further 
investigation: an 80/93 µm polyimide coated fibre and a 80/103 µm acrylate coated 
fibre. Specimens containing these fibre types were subjected to longitudinal tensile 
tests and in-plane shear tests. No significant reduction in strength was observed 
when the fibres were incorporated parallel or normal to the material fibres. The 
interlaminar shear strength was investigated by performing three-point bend tests. 
No effect of the optical fibres was noticed for the 80/93 µm polyimide coated fibre. 
A reduction in strength of about 8% was observed for the 80/103 µm acrylate 
coated fibre. Finally, longitudinal compression tests were carried out. No effect was 
observed when the optical fibre was built in parallel to the material fibres. 
However, when the optical fibre was built-in normal to the material fibres, a 
strength reduction up to 29% was observed.  
 
Ling [25] investigated the influence of embedded optical fibres on the 
mode II fracture behaviour of End-Notched Flexure (ENF) specimens, tested in 3-
point bending. He embedded 250 µm diameter optical fibres at different locations 
throughout 10-layer balanced-type woven GFRP laminates. The attainable 
maximum load of the specimens with embedded fibre was always lower than the 
one of the reference laminate. Consequently, also the GII fracture toughness 
became significantly lower, as when the delamination occurred between the 2nd 
and 3rd layers (or the 8th and 9th layer). Two possible fracture positions, mid-span 
and near crack tip, of the ENF specimens were documented. The optical fibre 
presence slightly affected the mode II fracture behaviour of the composite 
laminates when the delamination was very near or symmetrically located with 
respect to the fibre. No significant effect was found when the fibre was embedded 
near the neutral axis of the specimen. However, under flexural loads, the stress at 
this location is neglectable and therefore there is no advantage in having a sensor 
embedded. It is important to notice that the thicker the composite laminate the 
lower the effect on the mode II fracture behaviour is to be expected.  
 
Some experimental work on fatigued specimens with embedded sensors 
can be found in literature too. Benchekchou [26] investigated the effect of 
embedded Acrylate coated optical fibres in XAS/914 carbon fibre specimens under 
flexural fatigue cycles. The effect on the fatigue life was more pronounced for the 
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sample which had a fibre embedded between two +45° plies than the case of a 
fibre embedded aligned with the reinforcing fibre direction. Surgeon [27] 
embedded optical fibre on a quasi-isotropic laminate and subject it to static tensile 
and 3-point and 4-point bending tests and to tension-tension fatigue tests. Only 
when considering the embedding of sensors at the 0°/45° interface, a significant 
loss in tensile strength (of approximately 7%) as compared to the reference 
material was noticed. This was explained by the wrinkling of the 0° layers caused by 
the fibre embedding, which created resin richer areas that weakened the laminate. 
In fact, the ultimate tensile strength of the laminate depends mainly on the 0°-
layers. The bending tests confirmed what was seen in the previous tensile tests, 
namely a strength reduction of 25% in the specimen with the fibre embedded at 
the 0°/45° interface. Fatigue tests were performed on the five types of quasi-
isotropic layup, using three maximum stress levels: 350, 450 and 550 MPa, 
corresponding to respectively 50, 65 and 80% of the ultimate tensile strength. The 
stress ratio used was 0.1 and cycling was performed at a frequency of 5 Hz. All tests 
were run either to fracture or to 1,000,000 cycles, which was considered to be a 
fatigue run-out. Very little influence of the optical fibres embedded in the 45°/-45° 
interface was observed. The situation was quite different for the 0°/45° and -
45°/90° specimens: all of them failed before fatigue run-out. The reduction in the 
number of cycles to fracture was once again explained by the distortion of the 0°-
layers that was caused by embedding of the optical fibres. Fatigue testing of a 
quasi-isotropic laminate lead to different forms of damage. The first damage to 
form was cracking of the matrix in the 90° and 45° plies. During cycling the number 
of cracks increased and matrix cracks interacted and formed a delamination in the -
45°/90° interface. The result of this gradual damage formation was a decrease in 
stiffness and a gradual transfer of stress to the 0°-layers. As the 0°-layers obviously 
had a lower strength due to the distortion, the stress transfer lead to premature 
fracture.  
 
 
Figure 5-2. (a) Tensile strength and (b) fatigue stiffness degradation for the specimens tested by Surgeon 
[27]. 
 
 The reduction in fatigue properties for the -45°/90° embedding location 
probably has another explanation. That interface in a quasi-isotropic laminate is 
very prone to delamination. Embedding an optical fibre in this interface creates a 
resin rich zone at the place of embedment. This discontinuity in the microstructure 
can lead to an earlier initiation of the delamination and to a faster growth of the 
delamination area, which can, in turn, lead to a more complete delamination of the 
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interface and thus to a higher stress transfer to the 0°-layers which then fail 
prematurely. These results were also confirmed by the stiffness reduction that 
occurred during the several tests. To conclude, Surgeon stated that the best 
embedding positions, showing a minimal influence on the mechanical properties 
were at the 45°/-45° and at the 90°/90° interfaces. Of these two, the latter was 
clearly superior and therefore could be used in the development of an in situ and 
reliable damage detection sensor. Barton et al. [28] conducted a similar study on 
(0°/90°/0°) cross-ply glass/epoxy laminates produced by a filament winding. The 
samples contained optical fibres having a polyimide coating with a thickness of 10 
µm and a Young’s modulus of 2 GPa. The optical fibres were well-aligned parallel to 
the reinforcing fibres and located towards the centre of the coupon in the 0°-ply at 
about 200 µm from the 0/90 interface. The samples were tested for quasi-static 
loading and cyclic loads with a peak strain larger than the quasi-static cracking 
threshold. Both the initiation and development of matrix cracks started from the 
free edges rather than at the fibre coating/composite interface. Therefore for static 
loading, Barton concluded that for the given boundary conditions GFRP cross-ply 
laminates are insensitive to the presence of optical fibres. However, for cyclic 
loading interaction between the embedded fibre and the laminate damage was 
found. Surprisingly, with a peak strain just below the cracking threshold (0.3%), the 
matrix crack-growth rate is reduced significantly in the vicinity of the optical fibre. 
In fact, as for the static tests, the cracks initiated at the coupon edges and not near 
the optical fibre. Barton suggested that the reduction in the crack-growth rate can 
be understood in terms of a reduction in the strain-energy release rate for cracking 
as a consequence of the local stiffening of the 0° ply due to the presence of the 
optical fibre.  
  
 Roberts and Davidson [29] also addressed the short term fatigue 
behaviour of a carbon/epoxide material with embedded actuators and sensors: 300 
µm NiTiNOL wires and a 125/155 µm polyimide coated optical fibre. The NiTiNOL 
wires were incorporated in the different interfaces of a unidirectional layup, 
parallel to the reinforcement. The optical fibres were positioned in the 0°/90° 
interface of a [02,902]s layup, parallel to the 90°-fibres. Specimens were then tested 
in low-cycle fatigue. The main conclusion of the authors is that in both cases the 
embedment does not seem to degrade the properties of the composite.  
 
 After this review on the most relevant works on fibre optics/composite 
interaction, the author would like to point out some of the missing answers that 
have not been covered yet. Most of the work found in literature concerns the static 
properties of laminates with embedded fibre optics. Provided that the fibre is 
aligned with the orientation of the reinforcement, no significant static strength 
reduction is observed. Little work has been done on fatigue testing instead. 
Furthermore, only tension-tension fatigue loading has been covered, whereas 
there is awareness on the fact that the vast majority of composite structures face 
tension-compression loading. To the author’s best knowledge, no work can be 
found on the long-term performance of composite laminates with ORMOCER® 
coated optical fibres. Therefore, in this Chapter results on tension-tension as well 
CHAPTER 5: OPTICAL FIBRE COMPOSITE INTERACTION FOR FATIGUE LIFE MONITORING 
 
 
119 
as tension-compression fatigue test campaigns performed on composite laminates 
with embedded DTG® fibres with variable sensor/coating thicknesses are provided. 
The influence of the embedded fibre on the fatigue life of the laminate was 
extensively addressed. The long term performance of the FBG sensors was 
assessed throughout the fatigue tests and no similar studies can be found 
anywhere in literature. With the aid of the Non-Destructive Technique (NDT), 
known as micro computed tomography or micro-CT, the internal state of  the 
composite laminates with embedded optical fibres was investigated throughout 
the fatigue tests.  No reported literature could be found on this topic either. 
 
 
5.3 FIBRE EMBEDDING ISSUES 
 
Aside from the importance of correctly characterizing the response of the 
sensor itself, other aspects related to the embedding procedure could lead to a 
misinterpretation of the strains. In fact, the sensor embedding needs to fulfil a set 
of requirements in order to be able to correctly understand the sensor readings. In 
other words, the knowledge of the sensor location is of importance to make correct 
use of the sensor data. In Figure 5-3, a schematic overview of the most important 
process parameters that need to be controlled carefully during the embedding is 
presented. First is the vertical embedding position of the sensor, which is an 
essential design parameter when evaluating a composite beam in flexion. The basic 
beam theory expresses the flexural stress component (Timoshenko 1953) at a given 
depth, as: 
 
σ, = M,
	
I ∗ ℎ
  (1) 
 
where M
 G
f,22 is the bending moment acting on a beam at the grating location, I
 G
22 
is the second moment of area of the beam's cross-section at the grating location 
and h
 G
emb is the embedding depth of the sensor, with respect to the neutral axis of 
the beam. In fact, a malpositioning (Figure 5-3a) leads to an uncertainty on the 
strain measured. Secondly, in the case of a laminate loaded along its longitudinal 
direction, a misalignment of the sensor with respect to the beam axis (Figure 5-3b) 
will lead to an underestimation of the real strain applied to the structure. Thirdly, if 
a MOF sensor, designed to sense multi-axial strains, is considered (cf. Section 
2.2.6), its orientation needs to be checked after embedding in the laminate (Figure 
5-3c) to avoid misinterpretation of its measured signal. At last, the exact composite 
layup and the relative position of the sensor with respect to the reinforcement 
fibre architecture affects the response of the sensor. Voet et al. [30] have shown 
that an FBG embedded in a satin weave carbon/polyphenyl sulphide (PPS) 
composite responds both to non-uniform axial and transverse strains, causing 
distortion of the reflected spectrum (Figure 5-3d). The left image depicts a polished 
cross-section of a 125 µm DTG® optical fibre embedded in a 5-harness satin weave 
fabric carbon-PPS laminate. On its right, the distortion effects on the reflected 
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signal for an FBG embedded in a Carbon PPS [(0,90)]4s laminate and a comparison 
with the reflected peak of an FBG embedded in a cross-ply [902,02]2s glass fibre 
reinforced laminate is presented. The more complex fibre architecture of the first 
case induces a 3-dimensional strain state, which is captured by the grating. 
 
 
Figure 5-3. Schematic representation of (a) mal-positioning through thickness during embedding, (b) 
misalignment between sensor and reinforcing fibres direction on a UD layup, (c) orientation of a micro-
structured MOF during laying down and (d) influences of the fibre architecture on the sensor readout.  
 
These specific problems are open research questions which are addressed 
further on in this Chapter by means of X-ray radiographic inspections, i.e. micro-CT. 
This technique allows visualizing the internal state of a material and, if strongly 
focused, allows detecting cracks of a few hundreds of microns. The result of a scan 
can be easily interpreted by anyone, without requiring any specific knowledge.  
Micro-CT was used in this Chapter to follow the damage evolution of composite 
laminates with embedded optical fibres, which were subjected to fatigue.  
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Additionally, a specific section which exploits the advantages of the technique to 
investigate the fibre embedding issues mentioned above can be found at the end 
of the Chapter. Particularly, the scan on a CFRP cross-ply laminate with embedded 
a MOF sensor is presented. Its result allowed checking the grating orientation after 
sample manufacturing. Then, the bending effect on an optical fibre embedded in a 
laminate with a more complex fibre architecture is described.  
 
In the following Section, a description of the X-ray scanning principle and 
facilities is firstly given.  
 
 
5.4 MICRO COMPUTED TOMOGRAPHY TECHNIQUE  
 
 High resolution X-ray computed tomography, or micro-CT, provides non-
destructive full 3D visualization, allowing one to investigate and characterize the 
internal structure of an object. µCT makes use of an X-ray beam which is sent 
through the object to measure the local linear attenuation coefficient for an X-ray 
travelling through the object, yielding morphological information. In order to 
recover the 3D distribution of the local attenuation within the sample, multiple 
radiographs need to be taken from different viewing angles, ideally covering 360°. 
After collecting all projection data, a reconstruction algorithm calculates cross-
sections of the scanned object, which can be further rendered as a 3D volume using 
suitable visualisation software. This allows virtual inspection into the micro-
structure. A common micro-CT setup consists of an X-ray source directing its rays 
towards the sample, which is usually mounted on a manipulator, and an X-ray 
detector positioned behind the sample. The transmitted X-rays hitting the detector 
yield a 2D projection or radiograph of the sample. A commonly used detector 
system is the so called “energy-dispersive scintillator detector”. Each pixel of the 
scintillator panel captures X-rays and converts them into light. Fibre optics transfer 
the resulting image to a Charge-Coupled Device (CCD) sensor, where the light is 
transformed into an electric signal. The latter is further sent to an analogue-to-
digital converter and stored on a hard-drive, as a radiograph.  
 
Two different implementations of micro-CT scanners are used in real 
applications: (i) the first setup has the sample mounted on a rotational 
manipulator, and scans are taken by rotating the sample between a stationary 
source and detector; (ii) in the other one the X-ray source and detector rotate 
around the stationary sample (e.g. medical applications). The main advantage of 
the second type of setup is the possibility to inspect large objects without the need 
of removing them from the main structure (i.e. in-situ inspection), while the first 
one is best suited for scanning small objects, using parameters and equipment, 
which allow achieving higher resolutions (i.e. micro-structural investigation). In the 
following, since the tests required high resolution, the first implementation is 
introduced. In Figure 5-4, a schematic representation of a typical setup belonging 
to the first type is given. The scans which will be reported in the following were 
obtained with two different apparatus, property of the Centre for X-ray 
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Tomography of Ghent University (UGCT). Both of them had an X-ray tube emitting 
X-rays through the sample, which was fixed vertically on a rotational stage, and a 
flat panel detector to record digital radiographs. 
 
 
Figure 5-4. Schematic of a typical Micro-CT scanning facility with sample mounted on a rotational 
manipulator and fixed source and detector. The distances indicated are the Source to Object Distance 
(SOD) and the Object to Detector Distance (ODD). 
 
 In Figure 5-5, the HECTOR (High-Energy CT scanner Optimized for 
Research) scanner is depicted [31]. The X-ray tube is a high-energy XWT 240-SE 
microfocus source from X-RAY WorX® GmbH (Garbsen, Germany) which was set at 
a Voltage of 140 kV and 8 W of target power, while maintaining a minimum focal 
spot size of approximately 4 µm. A large 400 x 400 mm² PerkinElmer 1620 CN3 CS 
flat panel detector was used. The rotational stage had a total of 9 motorized axes 
of freedom allowing for a high flexibility scanning. The high-precision stage 
mounted on the manipulator allows for fine positioning of the sample and 
therefore spatial resolutions up to 4 µm can be achieved.  
 
 
Figure 5-5. High-energy CT scanner optimized for research (Hector) and used to scan the composite 
specimens at high resolution. 
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This scanner has the advantage of being versatile and being able to scan 
components of large dimensions (up to several thousands of millimetres) as well as 
sample of reduced size (down to 10 mm). High magnifications can be achieved by 
increasing the distance between the sample and the detector panel. 
 
The second setup can be seen as a scaled-down version, in order to 
achieve even a better resolution, up to 2 µm on a smaller sample size. It was also 
designed to be modular. The X-ray tube, a high voltage medium energy FXE-160.50 
dual head open type source from Feinfocus GmbH (Hamburg, Germany) has a 
design wavelength of 900 nm. The detector used in this case is a Varian 2520V 
Paxscan (Varian, Palo Alto, CA, USA) a Si flat panel with 1820 x 1460 pixels, 127 µm 
pixel size, covering a 200 x 250 mm
2
 area. The sample manipulator is an XYZ-theta 
CT system (UPR-160F AIR) with ultra-precision air bearing rotation motor from PI 
miCos GmbH (Eschbach, Germany). In Figure 5-6, the 900 nm medium-energy 
micro-CT scanner property of UGCT is presented [32]. 
 
 
Figure 5-6. Modular 900 nm medium-energy micro-CT scanner used for the non-destructive evaluation 
of composite samples. 
 
The composite samples, which all had a rectangular geometry, were 
positioned vertically on the manipulator and were fixed at one end. Each of them 
had an optical fibre embedded in the symmetry plane along their length. The 
scanned volume was always bounded to a small portion of about 3 × 4 × 4 mm
3
 in 
the central area of the sample. In order to achieve a good quality scan, several 
trials were performed and optimal parameters were determined. The spatial 
resolution resulted in 4.09 µm, while the voxel pitch obtained with these settings 
was 2.11 µm. The latter parameter does not consider noise effects or other 
artefacts, but it is often used to define the quality of a scan [33].  
 
 In a tomographic dataset, X-ray radiographs are acquired at different 
viewing angles of the object. The stability of the scanning geometry, either due to 
sample movement or focal spot drift, is monitored during the CT scan by returning 
a number of times to a reference point. For the scans discussed in the following, no 
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shift was observed. In total 1500 projections were recorded over 360° and image 
slices were reconstructed with the in-house developed software package Octopus 
[34]. The reconstructed pictures were post-processed through Matlab® (Natick, 
MA, USA) and further analysed, as will be presented in the following sections. 3D 
renderings were made with VGL Studio Max® (Heidelberg, Germany) [35].  
 
 
5.5 OPTICAL FIBRE EMBEDDING 
 
 In this section, the embedding procedure for the different laminates 
carrying optical fibres is introduced. Since these laminates were then tested either 
statically or under cyclic loading conditions, the produced laminates were cut to 
sample size according to the corresponding ASTM standard. The results presented 
in Sections 5.6, 5.7 and 5.8 refer therefore to the same samples. Details on the 
chosen layup and sample geometry and on the fibre embedding process are given 
in the following.  
 
5.5.1 M18/M55J CFRP PREPREG LAMINATE 
 
A prepreg material reinforced with M55J high-modulus carbon fibre from 
Torayca®(Santa Ana, CA, USA) in an M18 epoxy matrix from Hexcel® (Stamford, 
Connecticut, USA)  was used to stack a (902,02)2s cross-ply laminate [36],[37]. In its 
mid-plane DTG® optical fibres of different diameter were embedded, spaced by 
about 30 mm from each other (Figure 5-7c), taking care of aligning them with the 
unidirectional reinforcement fibres of the four 0° layers in which they were 
embedded.  
 
Figure 5-7. (a) Layup sequence for the considered laminate, (b) enlargement of the fibre embedding 
location and sensor geometry, (c) picture of the stacking operation, the fibre optics were protected with 
some Teflon tubing at the egress points of the laminate. (d) One of the samples provided with end tabs 
and ready to be tested.  
 
The cured layer thickness was approximately 0.120 mm. The laminate was 
manufactured by autoclave, using a curing temperature of 180 °C for 2 hours and a 
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vacuum level of -0.8 bar. In order to homogenise the temperature in the laminate, 
a 20 minutes dwell step at 180 °C was added during the heating up; during the 
second heating stage from the dwell to the curing temperature, an external 
pressure of 7 bar was applied, in order to allow the flow of the excess resin into the 
breather material. After curing, a total of five rectangular samples, having the 
dimensions t × w × l = 2 mm × 10 mm × 250 mm, were cut from the laminate. In 
Figure 5-7, an overview of the optical fibre embedding procedure and the sample 
geometry is proposed. The fibre egress points were protected with some Teflon 
tubing, as reference for the fibre’s position. It is worth to mention that these 
samples contained “dummy fibres” without FBG sensors. In order to study the 
quality of the fibre embedding inside the laminate, µCT scans were performed 
shortly after manufacturing and, as it will be disclosed in the following sections, 
also during the testing campaign. The central zone indicated in red in Figure 5-7d is 
bounded by two aluminium strips, representing the location where the µCT scans 
have been performed. The strips were useful during the long-term tests in order to 
keep reference of the volume to be scanned, hence allowing to follow up the 
damage in the same region of the sample. One should notice that, opposite to the 
ASTM D3039 standard, the sample width was reduced to about 10 mm (instead of 
25 mm) because of restrictions imposed by the µCT setup. In fact, the high spatial 
resolution required to visualize possible damage in the composite, imposed to 
increase the magnification and therefore to reduce the SOD (Figure 5-4) to 14.4 
mm. This in turn meant reducing the sample width in order to allow the sample 
rotation without risk of hitting the X-ray tube. 
 
The DTG® fibres from FBGS® Technologies GmbH (Jena, Germany) were 
Ormocer® coated and had different overall diameters and coating thickness. In 
Table 5-1, an overview of the geometric dimensions for the samples tested, with 
their relative fibre geometry reference, is presented. 
 
Sample 
Name 
Sensor 
Diameter 
(µm) 
Coating 
Diameter 
(µm) 
Width 
(mm) 
Thickness 
(mm) 
Gage 
Length 
(mm) 
T-T_CFRP_(902,02)2s_01 60 106 9.53 1.8 146 
T-T_CFRP_(902,02)2s_02 60 106 9.54 1.79 151 
T-T_CFRP_(902,02)2s_05 80 116 9.95 1.86 145 
T-T_CFRP_(902,02)2s_08 80 190 8.92 1.93 147 
T-T_CFRP_(902,02)2s_09 125 195 9.06 1.78 143 
 
Table 5-1. Overview of CFRP samples for tensile tests and embedded OFS main dimensions. 
 
In samples T-T_CFRP_(902,02)2s_01 and T-T_CFRP_(902,02)2s_02, a 60 µm 
diameter optical fibre has been embedded, both samples T-T_CFRP_(902,02)2s_05  
and T-T_CFRP_(902,02)2s_08 had an 80 µm diameter sensor, but sample T-
T_CFRP_(902,02)2s_08 featured a thicker coating. Sample T-T_CFRP_(902,02)2s_09 
presented a 125 µm diameter fibre and its outer coating diameter was the largest. 
Stresses at the sensor/composite interface depend on the loading conditions, the 
material elastic properties (i.e. coating and composite moduli of elasticity), the 
composite layup (i.e. unidirectional vs. cross-ply), the sensor vicinity to the 0°/90° 
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ply interface and of course the sensor overall diameter [12]. For any given set of 
boundary conditions (i.e. composite material, layup, loading conditions), the 
coating thickness which minimizes the interfacial stresses can be analytically found. 
However, for technological reasons, this thickness and the fibre cladding diameter 
were limited to the values proposed in Table 5-1.  
 
5.5.2 MTM28-1/E-350 GFRP PREPREG LAMINATE 
 
 GFRP samples have been manufactured according to the guidelines 
suggested by the ASTM standard D3039 and ASTM standard D3410 for the 
geometry of the tensile test specimens and of the compressive test specimens, 
respectively. 
 
5.5.2.1 CROSS-PLY LAMINATE FOR TENSION TESTS (ASTM D3039) 
 
Two laminates having a (902,02)2s layup were produced by autoclave 
process following a similar procedure as reported in the previous sub-paragraph. A 
MTM28-1/E–350–38%RW unidirectional glass fibre/epoxy prepreg material 
provided by Cytec® (Woodland Park, NJ, USA) was used in this case [38]. The 
laminates were cured for 2 hours at 120 °C, using a vacuum level of -0.8 bar and 5 
bar of additional pressure. In the mid-plane of each laminate, optical fibres of 
different diameters were aligned with the reinforcing fibres direction and 
embedded between two 0° layers. In this case, each optical fibre was carrying also 
a 10 mm long Bragg grating positioned halfway in the laminate length direction. 
This is indicated in Figure 5-8d, along with the specimen geometry and tabs for 
further testing purposes.   
  
 
Figure 5-8. (a) cross-ply layup considered for the tensile specimens, (b) location of embedding and 
different optical fibre geometry, (c) cured laminate produced by autoclave and (d) sample geometry 
according to ASTM D3039, with DTG® grating in the centre of the gauge length.   
 
Again, due to the limitations imposed by the micro-CT setup the samples 
were less wide than the standard suggested (i.e. 20 mm instead of 25 mm) 
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resulting in  t × w × l = 5 mm × 20 mm × 250 mm allowing an overall Gauge Length 
(GL) of approximately 150 mm after gluing tabs. The optical fibres were embedded 
in the mid-plane as in the previous case. Each layer thickness was about 0.315 mm 
after curing, more than double the thickness of the M18/M55J. This in turn means 
that the 0°/90° interface is much closer to the optical fibre in the CFRP specimens 
than in the GFRP specimens. In the MTM28 specimens, only limited options of 
optical fibre sizes were considered. The reason of this will be clear when describing 
the results from the scan after manufacturing. In Table 5-2, the sample dimensions 
and OFS diameters are summarized.      
 
Sample 
Name 
Sensor 
Diameter 
(µm) 
Coating 
Diameter 
(µm) 
Width 
(mm) 
Thickness 
(mm) 
Gage 
Length 
(mm) 
T-T_GFRP_(902,02)2s_01 125 195 18.88 5.24 150 
T-T_GFRP_(902,02)2s_03 125 195 18.98 5.47 150 
T-T_GFRP_(902,02)2s_04 125 195 18.73 5.12 150 
T-T_GFRP_(902,02)2s_06 80 132 18.22 5.25 150 
T-T_GFRP_(902,02)2s_07 80 116 18.64 5.08 150 
T-T_GFRP_(902,02)2s_08 80 116 18.57 5.13 150 
T-T_GFRP_(902,02)2s_09 60 106 18.57 5.22 150 
 
Table 5-2. Overview of GFRP samples for tensile tests and embedded OFS main dimensions. 
 
 
5.5.2.2 CROSS-PLY LAMINATE FOR COMPRESSION TESTS (ASTM D3410)   
 
  As last stage of the research, glass fibre prepreg laminates were 
manufactured using the MTM28 material. The same curing cycle as indicated 
before was selected. However, since in this case the samples were meant to be 
tested under compressive loading, the ASTM D3410 standard test method for 
compressive properties of polymer matrix composite suggested a different 
specimen geometry (see Figure 5-9d). As one can see, the unsupported gauge 
length is reduced to about 25 mm, in order to avoid shear stresses in the material 
and buckling effects on the unsupported sample gauge length. For the same 
reason, the specimen end-tab stiffness is increased by adding massive steel tabs (t 
× w × l = 5 mm × 25 mm × 65 mm) to improve its lateral support. The overall 
specimen dimensions (and therefore laminate dimensions) were in this case of t × 
w × l = 5 mm × 25 mm × 155 mm.   
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Figure 5-9. (a) cross-ply layup considered for the compression specimens, (b) location of embedding and 
different fibre geometry, (c) prepreg layers during layup and fibre embedding operations (d) sample 
geometry according to ASTM D3410, with DTG® grating in the centre of the gauge length. Here the 
gauge length is reduced to 25 mm in order to avoid buckling during the test. 
 
 An important difference with the previous laminate production is the 
layup: in fact in this case a (0,902,0,902,02)s layup was chosen. This laminate is also a 
cross-ply and has the same in-plane elastic properties as the previous one, but it 
has the advantage of having 0° layers in the outer skin. In fact, under compressive 
loading, premature damage could occur if outer 90° oriented layers would have 
been present. Furthermore, no realistic composite application would consider 
having 90° oriented layers on the outer laminate skins. In this case, DTG® fibres of 
different diameters carrying FBG sensors were used. Laminates 150 × 155 mm
2
 in 
surface were produced by the autoclave process. Samples were cut from them and 
prepared for testing. In Table 5-3, the overall dimensions for these specimens along 
with their fibre diameter are reported.    
 
Sample 
Name 
Sensor 
Diameter 
(µm) 
Coating 
Diameter 
(µm) 
Width 
(mm) 
Thickness 
(mm) 
Gage 
Length 
(mm) 
T-C_GFRP_(0,902, 0,902,02)s_03 60 106 24.93 4.69 25 
T-C_GFRP_(0,902, 0,902,02)s_05 60 132 24.85 4.63 25 
T-C_GFRP_(0,902, 0,902,02)s_10 125 195 24.85 5.11 25 
 
Table 5-3. Overview of GFRP samples for compressive tests and embedded OFS main dimensions. 
 
 
5.6 ASSESSMENT AFTER PRODUCTION 
 
 In this section, the results of the micro-CT scans performed of the samples 
described above in Section 5.5 will be presented. Where available, also the FBG 
spectra before and after embedding will be provided to give an idea about the 
amount of residual strain (i.e. shift of the peak) and the strain state (i.e. peak 
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broadening, peak splitting) of the grating. For clarity, the parameters used in each 
set of scans are summarized in Table 5-4. 
 
Material/Test Scanner 
Power 
(mW) 
Voltage 
(kV) 
M 
Voxel 
pitch 
(µm) 
Volume 
mm
3 
M18/M55J tension-
tension fatigue 
Modular  
900 nm 
3 100 60 2 2 × 4 × 4 
MTM28® tension-
tension fatigue 
Modular  
900 nm 
3 120 31.5 4 4 × 8 × 8 
MTM28® tension-
compression fatigue 
HECTOR 10 130 49.5 4 4 × 8 × 8 
 
Table 5-4. Micro-CT setup and settings used in each scan presented in this Section. 
 
 
5.6.1 INITIAL SCANS ON M18/M55J - TENSILE SPECIMENS 
 
The scans presented in this section are taken after production and 
preparation of the M18/M55J CFRP samples, meaning that no mechanical load was 
yet applied. The samples were scanned in the central region of their gauge length 
(marked by aluminium strips). The magnification of the scans was 60x, resulting in a 
voxel size of 2 µm. The obtainable resolution, as discussed in Section 5.4, is 
normally lower than the voxel size, but with optimized scanning parameters, the 
latter can lead to a reasonable estimate of it (although there is no direct 
correspondence). For the sake of simplicity, the term resolution will be used in the 
following. For an overview of the scan parameters of interest, the reader is referred 
to Table 5-4.  
 
Figure 5-10a is the result of a post processing algorithm applied on a stack 
of 200 cross sections taken approximately from the middle of the scanned volume. 
Each cross section is translated and rotated with respect to the OFS axis and the 
entire stack is then averaged and filtered in order to reduce noise and increase 
sharpness. The cross section corresponds approximately to a region of 4 x 2 mm
2
. 
The zoom of the sensor surroundings highlights already damage around the optical 
fibre for some of the samples. A transversal crack is evolving through the coating of 
the sensor towards the interface with the nearest 90° layers in samples T-
T_CFRP_(902,02)2s_08 and T-T_CFRP_(902,02)2s_09 which have, respectively, an 80 
µm fibre with thicker coating and a standard 125 µm fibre embedded. Though not 
immediately visible, a debonding at the fibre/coating interface for sample T-
T_CFRP_(902,02)2s_01 having a 60 µm OFS embedded is present. Sample T-
T_CFRP_(902,02)2s_05 presents no crack and results in a better coating/composite, 
as well as a coating/cladding, adhesion. This is not attributed to better material 
properties obviously, but rather to a milder stress field at the interfaces. The 
redistribution of the plies around the sensor, creates resin rich areas next to the 
optical fibre and, at the same time, is compacting the reinforcing fibres above and 
below the sensor, resulting in a higher local fibre volume fraction. The resin rich 
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areas appear more marked for the smaller sensor, but at the same time the 
distortion of the plies around it, appears less important. For the same reason, in 
sample T-T_CFRP_(902,02)2s_08 because of a larger fibre size, the 0° plies are 
pushing against and distorting the closest 90° plies, thus slightly influencing the 
whole layup. 
 
 
Figure 5-10. (a) The result of a post-processed image from an averaging of approximately 200 
reconstructed 2D cross sections taken from the middle scanned region for sample                                          
T-T_CFRP_(902,02)2s_08. The entire area corresponds roughly to 4 x 2 mm
2
. Zoom of the area 
surrounding the OFS (500 x 500 µm
2
) for sample T-T_CFRP_(902,02)2s_08 – (80/190 μm), sample                         
T-T_CFRP_(902,02)2s_05 – (80/116 μm), sample T-T_CFRP_(902,02)2s_02 – (60/106 μm) and sample                                         
T-T_CFRP_(902,02)2s_01 – (60/106 μm) and sample T-T_CFRP_(902,02)2s_09 – (125/195 μm). 
 
The two scans which highlighted a crack in the vicinity of the fibre are here 
further analysed. Some more insights of the non-destructive material investigation 
are provided, in order to highlight the potential of the high-resolution micro-CT 
technique. First, the scan on sample T-T_CFRP_(902,02)2s_09 is compared to a 
microscopy cross-sectional analysis. Then, an investigation of the stresses at the 
fibre/composite interface is provided for sample T-T_CFRP_(902,02)2s_08.  
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In Figure 5-11a, the post-processed cross-section referring to the initial scan on 
sample T-T_CFRP_(902,02)2s_09 (125 µm diameter cladding and 190 µm coating) is 
presented. The curved borders of the scan are due to the limited detector screen 
area which did not capture the whole sample width, while the upper and lower 
edges belong to the sample top and bottom surfaces. Clearly recognizable in the 
image, are the differently oriented 0° and 90° plies, which are defining the cross-ply 
layup. Each 0° or 90° layer is composed of two prepreg plies with a thickness of 
about 240 µm. One can note a resin rich film at each 0°/90° interface layer: a 
darker colour is the result of a lower X-ray attenuation, meaning a lower density, 
which corresponds to a richer resin content region. In the centre of the image, the 
125 µm fibre is clearly recognizable thanks to the large difference in material 
composition between carbon/epoxy composite material and silica glass fibre. This 
allows for significantly different X-ray attenuation and therefore a large grayscale 
contrast is obtained. Silica absorbs far more X-ray energy components than the 
surrounding composite. It is remarkable how accurate this technique is: when 
focusing on the centre of the optical fibre, even its core (8–10 µm in diameter) can 
be recognized by a lighter grayscale, meaning that a higher attenuation is 
experienced. The dopant GeO2 present in the high-reflectivity DTG® fibre increases 
the density in the core region. 
 
 
Figure 5-11. (a) CT cross-section on the T-T_CFRP_(902,02)2s_09 – (125/195 μm) sample. (b) The scan is 
compared with a picture taken with a microscope after cutting and polishing a sample of the same 
material and layup. 
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Comparing the close-up of the fibre with an optical microscopy image taken from a 
polished cross-section on a similar sample (Figure 5-11b), one can notice some 
analogies. Firstly, both samples present a crack with the same geometry in both 
images. In other words, this might confirm that the stresses arising during laminate 
curing were sufficiently high to induce the damage. Secondly, even the richer resin 
content interfaces between two adjacent plies can be distinguished in the fibre 
neighbourhood. Particularly, it is noticeable how the plies are forced to redistribute 
around the sensor, resulting in resin richer areas next to the fibre. This validates 
the results obtained from the CT-scans compared to the optical microscopy 
investigation, which has however the drawback of being a destructive technique. 
Furthermore, the scan on sample T-T_CFRP_(902,02)2s_08 is discussed. This sample 
has a fibre coated with two layers of Ormocer® for an overall outer diameter of 190 
µm. Figure 5-12a refers to the scan at the centre of the sample length. One can 
again note the coating around the fibre, as well as the central fibre core in whiter 
colour (Figure 5-12b). In Figure 5-12c, the 3D rendering of the fibre surrounding is 
also provided.  
 
 
Figure 5-12. (a) CT cross-section reconstruction on the T-T_CFRP_(902,02)2s_08 – (80/190 μm) sample 
and (b) zoom of the fibre surrounding. (c) 3D rendering of approximately 1 × 1 × 4 mm
3
 scanned volume, 
which allows arbitrary virtual cross sectioning. 
 
 Because of the crack, the scan was repeated at different locations in the 
sample, namely in the centre and at the ends of the sample. The same crack was 
also present in the other two scans, meaning that it propagated along the whole 
fibre axis. Its initiation, as already suggested, might be related to the build-up of 
residual strains during the cool down phase of the autoclave curing cycle. In fact, 
the laminate experienced a severe temperature difference ∆T from the maximum 
curing temperature of 180°C to room temperature. In the direction transverse to 
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the fibre, the contraction is mainly governed by the CTE of the epoxy resin. 
However, due to the cross-ply layup, the adjacent transverse plies will impede this 
contraction, their CTE being influenced by the negative CTE of the carbon fibres. 
When considering the optical fibre surroundings, the same occurs i.e. the silica 
tends to contract much less than its surrounding coating material and composite.    
 
The transversal strains can be evaluated looking at the difference in the 
CTE between the fibre coating material and the surrounding composite material. 
For this purpose, a three-cylinder model with an infinite surrounding matrix [39] 
can be used and the residual stresses at the fibre/coating and coating/matrix 
interfaces can be derived from:  
 
 	= 1 + 1 − 221 − 
 − 11 + 21 − 
 (2) 
 	= 1 +  − 21 +  − 1 + 1 + 1 − 2
 (3) 
 	= 1 + α +  − α − 1 + α (4) 
 	=  1 + !"#

 (5) 
σ$%&, = '1 + α − α + ( × ∆+ − 21 −  − 1
= 147.9701" 
(6) 
σ$%&, =
2 − 1α − α21 −  + 3  × ∆+
 − 21 −  − 1
= −676.94	01" (7) 
 
where E, ν and α are the Young’s modulus, the Poisson ratio and the CTE, while the 
subscripts c, m, f refer to the coating, the matrix and the fibre, respectively. The 
terms t and a in Eq. 5 are the fibre cladding radius and the coating thickness, 
respectively. The mechanical and thermal properties of the three materials are 
taken from Table 5-5, Table 5-6 and Table 5-7.  
 
E1 
(GPa) 
E2= E3 
(GPa) 
ⱱ12= ⱱ13 ⱱ23 
G12= G13 
(GPa) 
G23 
(GPa) 
α1 
(K
-1
) 
α2 
(K
-1
) 
290 6.3 0.44 0.49 4.3 2.1 −1.02 × 10
−6
 35.2 × 10
−6
 
 
Table 5-5. Mechanical (compression) and thermal properties of M18/M55J prepreg [12]. 
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E 
(GPa) 
ⱱ 
α 
(K
-1
) 
1.44 0.32 142 × 10
−6
 
 
Table 5-6. Mechanical and thermal properties of Ormocer® [12]. 
 
 
E 
(GPa) 
ⱱ 
α 
(K
-1
) 
72.4 0.16 0.55 × 10
−6
 
 
Table 5-7. Mechanical and thermal properties of silica [12]. 
 
The CTE of the composite in the transverse direction has been derived from the 
classical laminate theory for the given layup and is 0.686 × 10
−7
 K
−1
. The stresses 
arising at the interfaces are far above the limit of the M18/M55J transverse 
strength of 25 MPa (150 MPa in compression), thus justifying the initiation of the 
crack [12]. This approach does not take into account the temperature dependency 
of the Young modulus or the change in volume induced by the resin curing and 
therefore it can only give a rough estimate of the interfacial stresses.  
 
Given this analysis on the micro-CT images, still uncertainties exist 
whether the crack is initiated at the cladding/coating interface or in the composite. 
To gain a better understanding of the stress build-up during the autoclave curing 
process (cf. 5.5.1), the cool-down cycle from 180°C to 20°C was reproduced by 
Lammens [13] using a finite element simulation (ABAQUS®).  
 
 
Figure 5-13. Schematic of a coated optical fibre embedded in a unidirectional composite laminate under 
transverse loading [12].  
 
The simulation included a release of 8 bar of over-pressure (i.e. 7 bar of 
external pressure and -0.8 bar of vacuum). It should be mentioned that the FE-
model did not contain any information about the cure kinetics; this assumption is 
reasonable since most of the residual stresses are built up during cooling-down 
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when the cure has already occurred. Figure 5-13 shows the schematic of an optical 
fibre embedded in a cross-ply laminate. Two critical areas where damage could 
occur were found from the simulation. The maximal principal stress in the 3-
direction at the composite/coating interface above the fibre (point A in Figure 5-13) 
was of 72 MPa and failure could occur because of debonding or cracking of the 
composite epoxy from the coating surface. Moreover, the fibre/coating interface is 
highly stressed transverse to the optical fibre, which could again cause a debonding 
of the coating material from the fibre cladding surface (point B in Figure 5-13). 
According to these results, failure could occur in both areas. However, due to the 
uncertainty in the definition of the materials failure stresses (both for the 
M18/M55J and the Ormocer®) no clear conclusions on the critical conditions 
initiating the crack could be derived. The interested reader is referred to the 
Deliverable D3.7 of the Smartfiber Project for more detailed information on this 
study [13]. 
 
From a composite manufacturing perspective, these cracks could be 
avoided in several ways. For instance, by reducing the curing temperature of the 
laminate (i.e. this implies extending the curing time) the thermal stresses shall be 
limited. Additionally, reducing the layer compaction during manufacturing might 
also solve the problem. However, the fibre volume fraction will be reduced 
accordingly and this is not always advisable. In general, adding more 0° oriented 
plies in the middle of the laminate, where the optical fibre is embedded, will also 
help to reduce the stresses arising from the 0°/90° ply interface. As last, changing 
the composite material (i.e. GFRP instead of CFRP, or even a different type of CFRP) 
might solve the issue. One should always try to address these aspects properly 
when embedding an optical fibre in a composite component, in order to limit as 
much as possible stress concentrations. 
 
For the research purpose, the M18/M55J samples which were found 
cracked after manufacturing have been tested in fatigue anyway. This because of 
the interest in understanding if the damage would grow further due to the cyclic 
loading or remain bounded to its original dimension. Results are proposed in 
Section 5.8.2.    
          
 
5.6.2 INITIAL SCANS ON MTM28-1/E-350 - TENSILE SPECIMENS 
 
 For the MTM28 tensile specimens (Section 5.5.2.1), a total of five samples 
has been scanned. The total scanned volume was about 4 x 8 x 8 mm
3
 and the 
chosen voxel size resolution was 4 µm. In some cases, a higher resolution scan was 
requested, to zoom into the surroundings of the optical fibre. The achieved 
magnification was 63x with a corresponding voxel size of 2 µm. Figure 5-14 depicts 
a post-processed image obtained for a MTM28 cross-ply sample having a 125 µm 
DTG® fibre embedded. The reason why the resolution was first set to 4 µm is 
essentially because of the larger sample dimensions (i.e. 5 mm × 20 mm × 250 mm) 
and, in order to scan the whole thickness, this new set of parameters was 
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necessary. However, in order to have a better inside view of the optical fibre 
surroundings, a resolution of 2 µm has been required in some cases. This in turns 
meant visualizing only a limited portion of the whole sample thickness. Apart from 
this, two important findings are worth to be reported: the contrast and the quality 
of the scan have been proved high enough even though the composition of the 
reinforcing fibre (E-glass) and of the optical fibre (silica) is very similar (i.e. same X-
ray attenuation). Moreover, no crack appeared on the sensor surroundings. This 
can firstly be explained by the lower curing temperature of the MTM28 prepreg 
imposed during manufacturing: 120°C maximum curing temperature compared to 
the 180°C for the M18/M55J.  
 
 
 
Figure 5-14. CT cross-section on sample 1 from MTM28 (902,02)2s cross-ply laminate, having a 125 µm 
optical fibre embedded. The scan was performed at 4 µm voxel size resolution. Next to it the zoom of 
the OFS surrounding as a result of a high-resolution scan obtained at 2 µm voxel size resolution on the 
same sample.   
 
In addition to this, also the thickness of each MTM28 prepreg layer (0.315 
mm) was approximately double the value of the M18/M55J carbon fibre prepreg 
(0.120 mm), allowing the stresses surrounding the fibre to decrease. However, for 
sake of completeness a similar scan was also performed on three (90,0)2s cross-ply 
MTM28 prepreg samples carrying each a DTG® fibre of variable diameter (125/195 
µm, 80/132 µm and 60/106 µm) in its mid-plane. Despite the halved number of 
plies used and a reduced sample thickness of 2.5 mm, the surrounding of the fibres 
were free from cracks in all the cases. These scans are not enclosed in this 
dissertation. The zoomed images around the optical fibre for some of the samples 
proposed in Section 5.5.2.1 are depicted in Figure 5-15 for completeness. As one 
can notice, the fibre cladding outline is sharply defined for all the sensor diameters. 
However, the fibre coating confuses with the epoxy resin surrounding, having same 
darker grayscale. Furthermore, also the fibre volume fraction of the composite 
seems to be lower than for the M18/M55J carbon fibre prepreg laminates, as a 
result of less compaction between the layers. What can also be remarked is the 
higher contrast between the epoxy matrix and the reinforcing glass fibres, whereas 
in the carbon fibre prepreg this was fading away. 
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Figure 5-15. CT cross-section images and relative zoomed pictures of the area surrounding the OFS (500 
x 500 µm
2
) for some of the MTM28 glass fibre prepreg cross-ply laminates: T-T_GFRP_(902,02)2s_04 – 
(125/195 μm), sample T-T_GFRP_(902,02)2s_06 – (80/132 μm) and sample T-T_GFRP_(902,02)2s_09 – 
(60/106 μm). 
 
 
5.6.3 INITIAL SCANS ON MTM28-1/E-350 - COMPRESSIVE 
SPECIMENS 
 
 For the compressive tests (Section 5.5.2.2), a total of three samples were 
scanned with a chosen voxel size resolution of 4 µm for a rendered volume of 
about 4 x 8 x 8 mm
3
. In this case, the HECTOR micro-CT setup was used (Figure 5-5).  
 
 
Figure 5-16. CT cross-section on sample 10 from MTM28 (0,902,0,902,02)s cross-ply laminate, having a 
125 µm optical fibre embedded. The scan was performed at 4 µm voxel size resolution. Next to it, the 
zoom of the OFS surrounding highlighting a dry spot located below the fibre.   
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Similarly to what was presented in Section 5.6.2, a CT cross-section of a scan 
performed on sample T-C_GFRP_(0,902,0,902,02)s_10, having a 125/195 μm DTG® 
fibre, can be seen in Figure 5-16. The scan refers to the volume encompassing the 8 
mm long sensor grating positioned in the centre of the specimen gauge length. 
Besides the fact that one can notice the new layup being now (0,902,0,902,02)s 
instead of (902,02)2s, the scan highlights also a manufacturing defect in the optical 
fibre surrounding. The author decided not to discard the sample but to test it 
instead, since it could be representative of an industrial manufacturing defect. The 
scans on the three samples described in Section 5.5.2.2 are depicted in Figure 5-17.  
 
 
Figure 5-17. CT cross-section images and relative zoomed pictures of the area surrounding the OFS (500 
x 500 µm
2
) for the MTM28 glass fibre cross-ply compressive specimens: (a) sample                                       
T-C_GFRP_(0,902,0,902,02)s_03 – (60/106 μm), (b) sample T-C_GFRP_(0,902,0,902,02)s_05 – (60/132 μm) 
and (c) sample T-C_GFRP_(0,902,0,902,02)s_10 – (125/195 μm). 
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The resulting spectra before and after curing of the laminate are provided in Figure 
5-18. In general, not much residual strain is captured by the sensor in the mid-
plane of the laminate. This is certainly the case for samples                                                
T-C_GFRP_(0,902,0,902,02)s_05 and T-C_GFRP_(0,902,0,902,02)s_10, having a 60 µm 
fibre with thicker coating and a standard 125 µm DTG® fibre embedded. For sample 
T-C_GFRP_(0,902,0,902,02)s_03, however, a larger residual strain (of approximately 
1600 µε) is observed. The reason for this is not fully understood by the author, but 
could be caused by an inaccurate positioning of the fibre during the embedding. 
What can also be noticed is the peak splitting occurring for the same sample, which 
could be related to a higher residual transverse strain in the laminate.   
 
 
Figure 5-18. Initial spectrum and spectrum after curing of the MTM28 cross-ply laminates: (a) sample                                       
T-C_GFRP_(0,902,0,902,02)s_03 – (60/106 μm), (b) sample T-C_GFRP_(0,902,0,902,02)s_05 – (60/132 μm) 
and (c) sample T-C_GFRP_(0,902,0,902,02)s_10 – (125/195 μm). 
 
 
5.7 STATIC TESTS ON LAMINATES WITH EMBEDDED 
SENSORS 
 
 In order to validate the strain measurements of a DTG® fibre embedded in 
a cross-ply laminate, some preliminary static tests were performed. Strains were 
compared with conventional strain measurement techniques. Additionally, also 
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strain measurements from a surface mounted FBG on the cross-ply laminate were 
compared to the embedded fibre.  
 
5.7.1 VALIDATION WITH CONVENTIONAL STRAIN MEASURING 
TECHNIQUES 
  
 As already discussed, an optical fibre embedded in a material represents a 
circular inclusion which will inevitably alter the stress and strain fields in its 
proximity. For sake of simplicity, since the FBG wavelength shift is related directly 
to the strain, only the latter field will be considered. The strain field however is only 
distorted within three to four sensor diameters distance from the fibre and 
therefore one can consider the far-field strain as the real strain applied to the 
laminate. Now in order to relate the far-field strain to the one measured by the 
FBG sensor, one should define the strain sensitivity Kε that accounts for the strain 
field alteration and for the strain transfer from the host material to the sensor. This 
approach has been widely discussed in literature: amongst others, Luyckx et al. [40] 
proposed a method which makes use of a strain transfer matrix to link the general 
far-field strain in the host to the strain components measured by the sensor. An 
experimental validation of the proposed method followed: Voet et al. [41] 
embedded a multi-axial FBG strain sensor in a CFRP cross-ply laminate and 
validated the measured multi-axial strains against FEM simulations. Similarly, in this 
dissertation the author modelled a 125 µm optical fibre embedded in an MTM28® 
(902,02)2s cross-ply glass/epoxy laminate and loaded it along the fibre direction. A 
representation of the modelled geometry, with zoom of the fibre surroundings is 
given in Figure 5-19.  
 
 
Figure 5-19. FEM geometry of 1/8 model of the (902,02)2s MTM28® cross-ply glass/epoxy laminate with 
embedded OFS on the bottom-left corner of the model. The optical fibre is highlighted for clarity. 
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Exploiting the symmetry of the geometry, 1/8 of the sample was modelled and 
symmetry boundary conditions were imposed on the plane of symmetry. 8-node 
brick elements C3D8R were used. Six elements per ply were meshed through the 
thickness of the laminate. The mesh size was refined in the proximity of the fibre. A 
surface traction of 130 MPa was applied at the model end-face (plane xy). A linear 
elastic simulation was run. The far-field strain component in the z-direction 
(reinforcing fibre direction for the 0° layers) is displayed in Figure 5-19b.  
 
As already mentioned, in the present work DTG® sensors coated with 
Ormocer® were used. Their response is in general a single well-defined peak in the 
1520-1590 nm range. In fact, their coating properties and core design makes them 
mainly sensitive to axial strain. However, a certain influence from transverse strain 
effects exists and should be quantified. In fact, all of the three strain components 
(ε’1 ε’2 ε’3 expressed in the fibre coordinate system) contribute to a change of the 
strain-optic coefficients of the fibre and therefore should all be accounted for in 
the sensitivity calculation. The equation which governs the wavelength shift of an 
FBG sensor subjected to a 3-dimensional strain field is here recalled for easiness (cf. 
Eq. 7 Section 2.2.3 in Chapter 2):   
 
∆5656 =	78 −
9
2 ':78 + :78 + 78 ( (8) 
 
 In the case of an optical fibre embedded in a cross-ply laminate, the ε’1 
and ε’2 strain components can have an effect on the axial response of the sensor 
and therefore it is worth evaluating how big their influence is. This can be achieved 
analytically under certain assumptions. The strains in the 2 and 3 directions 
(namely the x and y directions in the lamina coordinate system) can be expressed in 
function of the axial strain applied to the fibre. Therefore, Eq. 8 can be rewritten as: 
 
∆5656 =	78 ;1 −
9
2 '−ⱱ	: + :1 − ⱱ(< (9) 
78 = −ⱱ ∙ 78   , 78 = −ⱱ ∙ 78  
Eq. 9 can be rearranged and expressed in function of the strain sensitivity Kε:   
 
: = 9

2 '−	ⱱ	: + :1 − ⱱ( 
(10) 
∆5656 =	 1 − :	78 = >? 	78  
 
Substituting the MTM28-1/E–350–38%RW material properties found in 
Table 5-8 in Eq. 10, and the strain-optic coefficients for a DTG® fibre of Table 5-9, 
the strain sensitivity results in Kε,exp = 0.80007 x 10
-6
 [ε
-1
]. This value differs slightly 
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from the theoretical strain sensitivity of a non-embedded 125 µm DTG® sensor 
proposed by Voet [30] (Table 5-9). 
 
E1  
(GPa) 
E2=E3 
(GPa) 
ⱱ12= ⱱ13 ⱱ23 
G12= G13 
(GPa) 
G23 
(GPa) 
34.62 10.15 0.325 0.095 2.84 3.83 
 
Table 5-8. Mechanical properties (tension) of the MTM28-1/E–350–38%RW GFRP prepreg material. 
 
p11 p12 ν pe neff Kε,th [ε 
-1
] 
0.113 ± 
0.005 
0.252 ± 
0.005 
0.16 
0.2024  
± 0.0053 
1.4459 
0.7976  
± 0.0053 x 10
-6
 
 
Table 5-9. Typical values of strain-optic coefficients for a commercial optical fibre sensor. 
 
 However, since no exact determination of the p11 and p12 parameters 
exists in literature for the highly GeO2 doped DTG® optical fibres, the real 
theoretical value is difficult to predict. As a consequence, the strain sensitivity of 
0.777 x 10
-6
 [ε
-1
] provided by the DTG® fibre manufacturer, was chosen for the 
following calculations. A preliminary set of static tensile tests have been performed 
in accordance with the ASTM D3039 standard on several (902,02)2s MTM28 cross-
ply laminates. The cross-head speed of the tensile machine was set to 0.2 mm/min 
for all the different tests. A 25 mm gauge length extensometer with ±1 mm travel 
(±4% strain measuring range) was surface mounted on the central region of the 
sample gauge length. More information on the testing apparatus are introduced in 
Section 5.8.1. No variation of the thermo-optic coefficient were considered when 
deriving the strain from the wavelength shift. This is reasonable since no 
temperature gradient exists between sensor and surrounding composite and no 
temperature change is expected in the sample during a static tensile test.  
 
Results of the stress-strain curves are presented in Figure 5-20 for (a) 125-
195 µm, (b) 80-132 µm and (c) 60-106 µm embedded fibres. The green triangle 
curve represents the strain measured by the optical fibre, the blue cross curve the 
axial strain from the extensometer. The red curve instead, represents the stress-
strain response resulting from the FEM simulation. As one can see, a good 
agreement between the optical fibre measurements and FEM strain prediction 
exists. For sample T-T_GFRP_(902,02)2s_04 with a 125-195 µm fibre, the FBG strain 
is overestimated, the error being constrained to 4.6%. This is not due to a wrong 
selection of the Kε, rather to a misalignment of the sample with respect to the 
loading conditions or the relative ply orientation. Nevertheless, the extensometer 
readings are far from overlapping with the FEM prediction for both sample T-
T_GFRP_(902,02)2s_04  and sample T-T_GFRP_(902,02)2s_09, but agree very well for 
sample T-T_GFRP_(902,02)2s_06. The scatter on the extensometer strain 
measurements was found of ±4.5%. It was decided to further investigate the 
scatter of the strain readings on four additional samples (i.e. same material, same 
layup, similar testing conditions) using surface glued strain gauges. The average 
stress-strain response is presented in Figure 5-20d. It is shown that the scatter on 
the strain measurements is also in this case ±3.85%, meaning that the variability 
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lays in the testing procedure (i.e. correct alignment of the sample with respect to 
the loading direction, correct placement of the extensometer …).  
 
 
Figure 5-20. Comparison between surface mounted extensometer and embedded FBG sensor in 
(902,02)2s cross-ply laminate (MTM28-1/E–350–38%RW) during a tensile test. The measurements are 
compared with the linear strain obtained by a FEM simulation. (a) Sample T-T_GFRP_(902,02)2s_04 – 
(125-195 µm), (b) sample T-T_GFRP_(902,02)2s_06 – (80-132 µm) and (c) sample T-T_GFRP_(902,02)2s_09 
– (60-106 µm). (d) The average stress-strain curve derived from four tensile tests where the strain was 
recorded using surface glued strain gauges.     
 
In order to assess the transverse strain effect on the optical fibre sensitivity, the 
three different strain components in the 0° degree layers of the (902,02)2s cross-ply 
laminate have been extracted from the FEM model and inputted in Eq. 8. The three 
far-field strain components and the relative wavelength shift for one of the tested 
samples are summarized in Table 5-10. Worth noticing that Eq. 8 would require the 
fibre core strain components. However, to investigate the influence of such 
approximation, the far-field strains have been substituted into the first and second 
term of the equation, resulting in an error of 2.35%. 
 
σxx 
(MPa) 
εzz = ε’1 
(%) 
εxx= ε’2 
(%) 
εyy = ε’3 
(%) 
λB 
(nm) 
∆λB 
(nm) 
130 0.5648 -0.108 -0.189 1548.068 7.237 
 
Table 5-10. Strain components at 130 MPa stress level derived from the linear elastic FEM simulation 
and wavelength shift readings from the embedded FBG during a tensile test up to the same stress level. 
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∆5656 = 	0.004675 
 
(11) 
 78 − 9

2 ':78 + :78 + 78 ( = 0.004785 
 
 
5.7.2 SURFACE MOUNTED VS. EMBEDDED FBGS  
 
 To conclude this section, some considerations on the strain sensitivity of a 
surface mounted optical fibre will be given. Wan et al. [42] investigated the strain 
transfer of a surface mounted polymeric coated optical fibre and by conducting a 
benchmarking analysis he has defined the relevant parameters in order to achieve 
an-almost-unitary strain sensitivity. This resulted in limiting the bottom thickness of 
the adhesive to 0.2 mm where the fibre is glued and having a bonding length of at 
least 60 mm. Usually FBG sensor manufacturers, who provide surface mountable 
optical strain gauge solutions, also provide a gluing procedure to follow in order to 
obtain an optimal bonding. In this case, the optical strain gauge gluing kit from 
FOS&S (Fibre Optic Sensing & Sensing Systems – Geel, Belgium) was used [43]. The 
adhesive used in this case was a UV curable glue, the NOA61 [44]. Typical values of 
the strain sensitivity for a surface mounted DTG® sensor are coinciding with the 
bare fibre strain sensitivity; therefore the same Kε as introduced before was 
selected. In the following, a result from a tensile test on a (902,02)2s MTM28 cross-
ply glass/epoxy laminate with embedded and surface mounted FBG sensors is 
disclosed. From Figure 5-21, the strains of the surface mounted and of the 
embedded optical fibre agree within a difference of 3.5 %. 
 
 
Figure 5-21. Tensile test at 2 mm/min on a (902,02)2s cross-ply laminate (MTM28-1/E–350–38%RW): 
comparison between strains from an extensometer, a surface mounted and an embedded FBG sensor.
   
2.35% 
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This can again be attributed to a misalignment between the two optical fibre axes. 
In this case the strain readings from the extensometer agree well with the strain of 
the embedded optical fibre (0.8% difference).   
 
 
5.8 FATIGUE TESTS ON LAMINATES WITH EMBEDDED 
DTG® SENSORS 
 
 Subsequently, the composite samples (Section 5.5.1 and 5.5.2) were 
subjected to fatigue loading and the damage evolution was followed up using the 
micro-CT technique introduced in Section 5.4. Major effort was put into analysing 
the integrity of the composite in the surrounding of the optical fibre at different 
phases during cyclic loading. First of all, a description of the testing procedure and 
of the experimental equipment used for the test is provided. Then, the fatigue tests 
under tension-tension loading conditions for the M18/M55J CFRP samples and for 
the MTM28-1 GFRP samples are disclosed. As last case, the tension-compression 
fatigue tests on the MTM28-1 GFRP samples are also discussed. 
 
5.8.1 FATIGUE TEST METHOD 
 
All samples have been subjected to fatigue loading in accordance to the 
ASTM D3479 standard for tension-tension tests. For the tension-compression 
fatigue tests the ASTM D3410 standard was used as guideline, since no real 
standard for tension-compression on reinforced polymer samples exists. A servo-
hydraulic tensile test machine was required for this purpose. An integrated micro-
CT scanner at the tensile machine was not available, therefore the samples were 
dismounted, scanned and mounted again to continue testing. One of the most 
widely used cumulative damage models, best known as Miner’s rule (M.A. Miner, 
1945) addresses the whole life of a composite sample as the cumulative of the 
damages obtained at different loads levels. Given k different stress levels and being 
Ni the total number of cycles to failure at each i-th stress level σi, then the damage 
fraction is the sum of the partial cycles at different stress levels: 
  
C9$D$
E
$F
= 	1 (13) 
 
where ni is the number of cycles accumulated at a defined stress level σi. Typically, 
failure is achieved when the cumulative equals 1. This rule serves the purpose of 
the work described in the following in the sense that a fatigue test can be sub-
dived into different stages and its results can still be addressed to describe the 
fatigue behaviour of the material under test. The tests described in the following 
were divided into several intervals. In between each loading interval, a static tensile 
test was performed to investigate the laminate stiffness degradation and quantify 
the damage evolution. In order to define the load limits to be applied to each 
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fatigue cycle interval, a preliminary set of static tensile tests has been performed 
on similar cross-ply reference specimens without optical fibres embedded. Tests 
were conducted in accordance with the ASTM D3039 standard. In order to facilitate 
data interpretation, the load levels have been kept constant in most of the cases 
during the consecutive cumulative cycles. The schematic in Figure 5-22 explains the 
testing procedure approach used for both tension-tension and tension-
compression fatigue experiments. 
 
 
Figure 5-22. Schematic of the testing method: the fatigue test has been divided in several cycle intervals; 
between each of them a static test was performed and the sample was scanned for damage assessment. 
 
 
5.8.2 TENSION-TENSION FATIGUE ON CFRP (M18/M55J) 
 
 A first description of the experimental setup and parameter selection for 
the fatigue tests is introduced. Then, the results from the extensometer readings 
and the micro-CT scans of the sensor surrounding are displayed. 
 
5.8.2.1 TEST PROCEDURE 
 
 The most important point to recall (cf. 5.5.1) is that dummy optical fibres 
of different diameters were used in this set of tests. Therefore, no actual FBG 
readings are disclosed for the M18/M55J CFRP samples. Accordingly, the sample 
deformation during the static tests was only recorded by a surface mounted 
extensometer. In Figure 5-23, the testing setup is depicted. A 100 kN  servo-
hydraulic tensile testing machine was used. An average ultimate tensile stress (UTS) 
of 830±40 MPa was derived from the preliminary set of static tensile tests. A 
sinusoidal waveform in load control was selected for the tension-tension cycle. A 
load ratio R=σmin/σmax of approximately 0.1 was chosen. This assured the sample 
being preloaded to an initial σmin different from zero, in order to avoid a 
compression state, thus preventing it from buckling. In fact, buckling as well as a 
misalignment of the reinforcing fibres with respect to the loading direction might 
cause premature failure of the sample. 
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Figure 5-23. Testing setup for the tension-tension fatigue on the M18/M55J CFRP samples: (a) one of 
the samples equipped with a surface mounted extensometer is being tested on the servo-hydraulic 
testing machine. (b) M18/M55J sample geometry and the micro-CT scanned region is marked by two 
aluminium strips.   
 
A set of preliminary fatigue tests was run in order to evaluate the increase 
of temperature on the sample during cyclic loading. The cycling frequency was set 
conservatively to 5 Hz in order to avoid any hot spot region in the polymer matrix. 
The initial stress level was set between 50 and 450 MPa (~50% of the UTS) for a 
cumulative of 1,000 cycles. Subsequently, the sample was dismounted from the 
test bench and moved to the µCT facility for the scan. The cycle was then resumed 
at the same stress level till 1,000,000 cycles. Since no evident damage was found 
after this last stage, the load level was increased to 600 MPa (~70% of the expected 
UTS) and cycled for another 1,000 cycles, resulting in a cumulative of 1,001,000 
cycles. The following load cycles were continued at the same stress level till 
2,000,000 cycles and, as last, till 4,000,000 cycles. 
 
5.8.2.2 DAMAGE ASSESSMENT  
 
 At first, the stress-strain curves obtained from the extensometer readings 
are introduced. As mentioned in Section 5.7.1 (Figure 5-20d), the inaccuracy in 
aligning the extensometer with the loading direction leads to an inaccuracy for the 
stiffness evaluation. In addition, it is worth noticing that carbon fibre composites 
are less keen to show a decay in stiffness unless extensive damage occurred on the 
laminate. In Figure 5-24, the stress-strain curves are proposed for four out of the 
five samples tested. The initial stiffness curves are omitted for sample                      
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T-T_CFRP_(902,02)2s_05 and sample T-T_CFRP_(902,02)2s_08, since initial cracking of 
the outer 90° oriented layers (902,02)2s caused sudden movements of the 
extensometer and resulted in incorrect strain measurements.  
 
 
Figure 5-24. Stiffness degradation curves for the tested samples: (a) T-T_CFRP_(902,02)2s_01 (60/106 
µm), (b) T-T_CFRP_(902,02)2s_05 (80/116 µm), (c) T-T_CFRP_(902,02)2s_08 (80/190 µm) and (d)                    
T-T_CFRP_(902,02)2s_09 (125/195 µm). Not for all the samples a clear degradation in stiffness is 
observed. 
 
 It is worth remarking that in between the different fatigue cycles, the 
extensometer was dismounted to allow performing the CT-scan. This made it 
harder to compare the stiffness results. The missing tangible proof of a clear 
stiffness decay made it difficult to conclude on any damage evolution by merely 
looking at the mechanical properties of the laminate. However, the use of micro-CT 
non-destructive inspections enabled detecting smaller size damages occurring 
inside the laminate. In order to proceed with the results from the CT scans, the 
method used to quantify the damage should first be explained. In fact, besides the 
relevance of the initial scans (cf. Section 5.6.1), the overall damage evolution 
through the thickness of the laminates was also investigated.  
 
The reconstructed CT cross-sections stack was rendered into a 3D model. 
In order to give a quantitative evaluation of the damage occurring during fatigue 
cycling, the number of cracks present in a relevant laminate cross-section was 
counted. This cross-section was taken through the sample thickness at the location 
where the optical fibre was embedded. An overview of a section extracted from 
CHAPTER 5: OPTICAL FIBRE COMPOSITE INTERACTION FOR FATIGUE LIFE MONITORING 
 
 
149 
the 3D rendered volume for one of the scanned samples is presented in Figure 5-
25b.  
 
 
Figure 5-25. CT scan 3D rendering of sample T-T_CFRP_(902,02)2s_08 (80/190 µm) after 2,000,000 cycles: 
(a) detail of the crack evolving through the whole fibre coating and (b) cross-section taken along the 
fibre axis with indicated in white boxes the transversal matrix cracks. (c) A cut in the 3D rendering allows 
distinguishing each single ply and the fibre outline. In red colour the aluminium strips attached on the 
sample.   
 
The reconstructed stack of cross-sections was rendered with VGStudio 
Max with a 2 µm voxel size in a volume of approximately t x w x l = 2.5 x 5 x 5 mm
3
. 
This allowed to freely examining the surroundings of the optical fibre sensor and 
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the adjacent composite layers in order to check for damage. As suspected, the 
cracks at the sensor/composite interface for samples T-T_CFRP_(902,02)2s_08 and 
sample T-T_CFRP_(902,02)2s_09 (cf. Figure 5-10) were running along the whole 
fibre. This suggests that the damage is not localized, but it is rather caused by a 
systematic reason, as it could be the mismatch in material thermal properties 
connected to an excessive curing temperature which leads to high local residual 
stresses. In Figure 5-25, all this information is presented for a 3D rendering on 
sample T-T_CFRP_(902,02)2s_08 (80/190 µm) loaded already for 2,000,000 cycles. In 
red colour the optical fibre, as well as the aluminium strips used to mark the 
scanning volume, are highlighted. Besides the already mentioned crack evolving 
through the coating of the optical fibre, no additional damage was assessed in its 
surroundings. Instead, damage was found in the 90° plies (Figure 5-25b) where the 
transversal cracks are highlighted in white boxes. Due to the cross-ply layup and 
the loading conditions, the cracks were initiated in the 90° layers transversely to 
the direction of the applied force [45]. These cross-sectional views (i.e. containing 
the OFS axis) were analysed and compared at different number of cycles for each 
sample.  
 
Table 5-11 summarises the number of transverse cracks counted in these 
sections.  An increase in the number of cracks in the 90° layers during evolution of 
the fatigue cycles is clearly noted. Besides this, no evolution of damage towards the 
central plies (i.e. delaminations) was observed. 
 
Sample 
name 
0 
cycle 
1000000 
cycles 
1001000 
cycles 
2000000 
cycles 
4000000 
cycles 
T-T_CFRP_(902,02)2s_01 0 6 8 19 23 
T-T_CFRP_(902,02)2s_02 1 10 11 21 30 
T-T_CFRP_(902,02)2s_05 3 12 13 20 24 
T-T_CFRP_(902,02)2s_08 2 11 17 21 26 
T-T_CFRP_(902,02)2s_09 5 11 13 22 30 
 
Table 5-11. Number of cracks counted on a section passing along the axis of the OFS for increasing 
number of cycles. 
  
 From Table 5-11, one cannot associate a larger diameter fibre with a 
higher number of cracks, since the shown values are scattered. This allows stating 
that larger diameter OFS are not affecting the overall tension-tension fatigue life-
time more than smaller diameter fibres. 
 
Although not always evident for all the tested samples, for sample T-
T_CFRP_(902,02)2s_05 (80/116 µm), a clear correspondence between stiffness 
degradation and transverse crack development could be assessed (Table 5-12). 
 
 
 
 
 
CHAPTER 5: OPTICAL FIBRE COMPOSITE INTERACTION FOR FATIGUE LIFE MONITORING 
 
 
151 
no. of  
cycles 
σmax 
[MPa] 
Exx 
[MPa] 
cracks 
1,000 450 144,188 3 
1,000,000 450 141,352 12 
1,001,000 600 127,675 13 
2,000,000 600 121,866 20 
 
Table 5-12. Laminate stiffness degradation and overall number of transverse cracks for sample T-
T_CFRP_(902,02)2s_05 – (80/116 µm) tested over 2,000,000 fatigue cycles. 
 
The last part of this section will discuss the results of the optical fibre 
surroundings from the CT-scans at the last stage of fatigue cycling. Post-processing 
of a stack of approximately 20 reconstructed cross sections allowed improving the 
quality of the image enabling visualizing details otherwise unnoticed. The cross-
sections referring to the scans taken after 4,000,000 fatigue cycles are reported in 
Figure 5-26. It can be observed that: 
 
- For sample T-T_CFRP_(902,02)2s_01, which exhibited an initial fibre/coating 
debonding, a crack running through the whole 0° plies has developed between 
2,000,000 and 4,000,000 cycles.  
 
- This was not the case for sample T-T_CFRP_(902,02)2s_02 where no initial 
debonding was noticed and it might suggest a quality issue in the fibre 
production process. In fact, the fibre wetting and adhesion during the fibre 
coating phase is closely dependent on the surface geometry and viscosity [46].  
 
- When looking closely to the scan on T-T_CFRP_(902,02)2s_05 (80/116 µm), no 
damage can be detected around the fibre even after 4,000,000 cycles, yet a 
crack running through the whole 0° inner plies is present (highlighted with a 
white box in Figure 5-26c).  
 
- The initial cracks present in samples T-T_CFRP_(902,02)2s_08 and T-
T_CFRP_(902,02)2s_09 (Figure 5-10) have not increased in size after 4,000,000 
cycles. 
 
- Sample T-T_CFRP_(902,02)2s_09 shows completely delaminated 90/0 interfaces, 
indicating the laminate is approaching its end-of-life (Figure 5-26e). This was 
also confirmed by visual inspection of the laminate. Its stiffness could no 
longer be tested.  
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Figure 5-26. CT cross-sections after 4,000,000 cycles for tension-tension fatigue (50% UTS) on cross-ply 
M18/M55J CFRP laminates: (a) sample T-T_CFRP_(902,02)2s_01 – (60µm/106µ), (b) sample T-
T_CFRP_(902,02)2s_02 – (60/106 μm), (c) sample T-T_CFRP_(902,02)2s_05 – (80/116 μm), (d) sample T-
T_CFRP_(902,02)2s_08 – (80/190 μm) and (e) sample T-T_CFRP_(902,02)2s_09 – (125/195 μm). 
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Some consideration can be drawn based on these results: generally, no evident 
propagation of cracks around the OFS is detectable after 4,000,000 cycles at 70% 
UTS stress level. No interaction with the overall damage in the laminate was seen. 
This might suggest that embedded OFS have no influence on the tension-tension 
fatigue life of a M18/M55J cross-ply laminate. However, this cannot be stated with 
certainty since: (i) T-T_CFRP_(902,02)2s_01 shows a crack, which has developed in 
the fibre surrounding after 4,000,000 cycles. (ii) not all of the specimens have 
further been tested to failure. In the following, the fatigue test results on the GFRP 
laminates are disclosed. In this case, reference samples without embedded optical 
fibres were tested to failure and their fatigue life was compared to the one of 
samples with embedded sensors. 
 
 
5.8.3 TENSION-TENSION FATIGUE ON GFRP (MTM28) 
 
 Similarly to what has been described in the previous Section, the 
experimental setup will firstly be introduced, then the readings from both FBG 
sensors and extensometer are compared and finally the CT-scan results are 
disclosed. From the scans obtained after manufacturing of the samples, no crack at 
the fibre surroundings was found. The lower MTM28-1/E350 fibre volume fraction 
and the larger ply thickness (0.315 mm compared to 0.120 mm for the M18/M55J) 
associated also with a lower curing temperature (120°C compared to the 180°C of 
the M18/M55J) limited the chances of having any damage. 
 
5.8.3.1 TEST PROCEDURE 
 
 The preliminary set of tests on the (902,02)2s MTM28-1/E-350 cross-ply 
laminates revealed an UTS of 370±20 MPa. The main difference with respect to the 
tension-tension fatigue tests on the CFRP samples lays in the fact that in this case 
real FBG sensors were used. The same load controlled sinusoidal waveform was 
selected. The lower UTS of the MTM28-1/E-350 compared to the M18/M55J 
imposed using a higher R ratio to avoid having a load waveform too close to the 
compression stress region. Therefore the R ratio was set to R=0.2. The influence of 
the testing frequency on the increase of temperature on the sample was evaluated 
too. Since only tensile loads have been applied to the cross-ply laminate, no 
relevant increase of temperature was noticed. All samples were tested at a 
frequency of 5 Hz, as a good compromise between testing time (which was 55 
hours for 10
6
 cycles) and the aforementioned risk of overheating the samples with 
consequent matrix degradation. In this case, even a small increase of temperature 
was unwanted because of the presence of the embedded FBG sensors. In fact, in 
these circumstances a temperature compensation would have been required. This 
could be achieved obviously by embedding an extra free-from-strain FBG next to 
the sensor, but the larger size of the capillary (0.5 mm in diameter), could have an 
influence on the initiation of damage. The waveform amplitude was set between 
30 and 130 MPa (~35% of the UTS) and maintained constant throughout all the 
cycle intervals until 4,000,000 cycles were met. Tests were interrupted at 10,000, 
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1,000,000, 2,000,000 and 3,000,000 cycles. The surface strain on the central region 
of the sample gauge length was recorded with a dynamic extensometer during the 
static tests similarly to what was already described in Section 5.8.2.1. The same 
servo-hydraulic tensile testing machine was used. In Figure 5-27, the whole optical 
fibre read-out equipment and the GFRP sample mounted on the tensile testing 
machine are depicted. 
 
 
Figure 5-27. Testing setup for the tension-tension fatigue on the MTM28-1/E-350 GFRP samples.   
 
 
5.8.3.2 SENSOR READINGS 
 
 A total of 7 samples were tested up to 4,000,000 cycles in tension-tension 
fatigue. In the following, a case for each combination of fibre diameter is reported, 
namely sample T-T_GFRP_(902,02)2s_04 (125/195 µm) in Figure 5-28, sample            
T-T_GFRP_(902,02)2s_06 (80/132 µm) in Figure 5-29 and sample                                   
T-T_GFRP_(902,02)2s_09 (60/106 µm) in Figure 5-30. The FBG spectra were acquired 
at each cycle step both when the sample was unloaded and when it was loaded to 
its maximum stress level of 130 MPa. From both the stress-strain curves and the 
spectra, a gradual stiffness degradation is observed. This was not the case for the 
M18/M55J samples (cf. 5.8.2.2). In these circumstances, it becomes easier to 
express the overall damage evolution in terms of laminate stiffness decay. A 
summary table with the slopes derived from the stress-strain curves for both 
extensometer and optical fibre is also provided for each sample. One can notice 
how the predictions from the optical fibres seem to give higher stiffness with 
respect to the surface mounted extensometer for sample T-T_GFRP_(902,02)2s_04 
(Table 5-13) but for the other samples the results are in general very close to each 
other. For all the samples, the stiffness estimated with the extensometer at 
3,000,000 cycles is consistently lower than the one obtained by the optical fibre. 
This might be related to the extended cracking in the outer 90° plies which affect 
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the correctness of the extensometer measurements. An error up to 10% between 
the two measurements was noticed. In Figure 5-28b, the measurements of the 125 
µm DTG® fibre at 1 and 10,000 cycles show a change of slope starting from 0.25% 
strain (circled in red). This could be related to a change of shape in the reflected 
signal (i.e. peak broadening or splitting). However, when comparing the shape of 
the spectra in Figure 5-28c and d, no evidence of this is found. 
 
 
Figure 5-28. Sample T-T_GFRP_(902,02)2s_04 – (125/195 μm): (a) extensometer and (b) optical fibre 
strain readings, (c) spectrum acquired  when the sample was unloaded and (d) at maximum load (130 
MPa). 
 
 
no. of  
cycles 
σmax  
[Mpa] 
Extensometer FBG Error  
Exx [MPa] Exx [MPa] [%] 
1 130 20,498 21,579 5.01 
10,000 130 19,677 21,032 6.44 
1,000,000 130 18,231 18,341 0.60 
2,000,000 130 17,906 18,529 3.36 
3,000,000 130 16,981 19,572 13.24 
Table 5-13. Laminate stiffness degradation (902,02)2s for sample T-T_GFRP_(902,02)2s_04 – (125/195 μm). 
 
It is worth remarking that because of the testing procedure, the 
extensometer had to be removed every time that  the sample required to be 
scanned and therefore from Figure 5-28a no indication of permanent strain can be 
retrieved. This can however be derived from the peak of the unloaded FBG 
spectrum (Figure 5-28c), where its shift with increasing number of cycles clearly 
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indicates an increase of permanent deformation up to 0.6% after 3,000,000. This is 
related to the increasing number of cracks in the 90° plies (visual inspection). When 
one looks at the wavelength shift on the loaded spectra, a better idea on the 
gradual damage evolution is given (Figure 5-28d). In fact, the peak referring to 
10,000 cycles is proportionally closer to the initial one than to the 1,000,000 cycle 
one. From this graph, the information of both stiffness degradation and permanent 
deformation are added together. Similar conclusions can be also drawn for sample 
T-T_GFRP_(902,02)2s_06 (80/132 µm) and sample T-T_GFRP_(902,02)2s_09 (60/106 
µm). The difference between the stiffness of the extensometer and the optical 
fibre is bounded to a few %. These results are summarized in Table 5-14 for sample 
T-T_GFRP_(902,02)2s_06 and in Table 5-15 for sample T-T_GFRP_(902,02)2s_09. 
 
 
Figure 5-29. Sample T-T_GFRP_(902,02)2s_06 – (80/132 µm): (a) extensometer and (b) optical fibre strain 
readings, (c) spectrum acquired  when the sample was unloaded and (d) at maximum load (130 MPa). 
 
 
no. of  
cycles 
σmax  
[Mpa] 
Extensometer FBG Error  
Exx [MPa] Exx [MPa] [%] 
1 130 22,521 22,243 -1.25 
10,000 130 21,921 22,073 0.69 
1,000,000 130 20,753 19,483 -6.52 
2,000,000 130 20,073 19,662 -2.09 
3,000,000 130 17,607 19,810 11.12 
Table 5-14. Laminate stiffness degradation (902,02)2s for sample T-T_GFRP_(902,02)2s_06 – (80/132 µm). 
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Figure 5-30. Sample T-T_GFRP_(902,02)2s_09 – (60/106 µm): (a) extensometer and (b) optical fibre strain 
readings, (c) spectrum acquired  when the sample was unloaded and (d) at maximum load (130 MPa). 
 
 
no. of  
cycles 
σmax  
[Mpa] 
Extensometer FBG Error 
Exx [MPa] Exx [MPa] [%] 
1 130 21,404 21,620 1.00 
10,000 130 21,366 20,589 -3.77 
1,000,000 130 18,162 18,374 1.15 
2,000,000 130 17,708 18,096 2.14 
3,000,000 130 17,741 17,943 1.13 
Table 5-15. Laminate stiffness degradation (902,02)2s for sample T-T_GFRP_(902,02)2s_09 – (60/106 µm). 
 
 
5.8.3.3 DAMAGE ASSESSMENT 
 
 In this section, results from the CT-scans on the fatigue cycled cross-ply 
laminates will be disclosed. Scans were taken at every cycle step, but for reason of 
conciseness, only the scans related to the latest stage of test are reported. In Figure 
5-31, the post-processed images from a stack of about 60 CT cross-sections are 
reported for the scans at 3,000,000 cycles.  
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Figure 5-31. CT cross-sections after 3,000,000 cycles for tension-tension fatigue (35% UTS) on cross-ply 
MTM28 GFRP laminates: (a) sample T-T_GFRP_(902,02)2s_04 – (125/195 µm), (b) sample                                        
T-T_GFRP_(902,02)2s_06 – (80/132 µm) and (c) sample T-T_GFRP_(902,02)2s_09 – (60/106 µm). 
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No relevant damage was found in the surrounding of the optical fibre sensors. This 
would be enough to conclude that even the larger diameter fibre can safely be 
embedded in a cross-ply GFRP laminate which undergoes tension-tension fatigue.  
 
Unfortunately in this case the scans were not sharp enough to allow any 
investigation through the sample thickness; therefore no quantification of damage 
was possible with the CT technique. However, visual inspection was already 
sufficient to define a damage trend by looking at the increasing transverse crack 
density, then turning into delaminations of the outer 0°/90° sample interfaces. 
Figure 5-32 compares one of the samples in pristine conditions and after 3,000,000 
cycles.       
 
 
Figure 5-32. Two MTM28 (902,02)2s cross-ply laminates: (a) pristine sample, (b) sample tested for 
3,000,000 cycles. The cracks in the outer 90° layer are turning into delaminations.    
 
 
5.8.4 TENSION-COMPRESSION FATIGUE ON GFRP (MTM28) 
 
 As for the previous Section, here the results from the readings of the 
embedded FBG sensors in MTM28 GFRP cross-ply laminates will be disclosed. In 
this case, the samples have been subjected to tension-compression fatigue loading. 
Due to the long time required for the fatigue testing, combined to the scanning, 
only a limited sample batch was tested. Nevertheless, important information could 
be retrieved and will be shown in the following.    
 
5.8.4.1 TEST PROCEDURE 
 
 The setup used for the tension-compression fatigue tests on the 
(0,902,0,902,02)s MTM28-1/E-350 cross-ply laminate is described. A set of 
preliminary tests was performed on both samples for tensile and for compressive 
testing in order to define the UTS and Ultimate Compressive Strength (UCS). The 
latter being more difficult to characterize because of the buckling of the sample. 
For reasons of conciseness only the final results are here mentioned. The reader is 
referred to Appendix A for more detailed information.      
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Figure 5-33. Testing setup for the tension-compression fatigue on the MTM28-1/E-350 GFRP samples: 
one of the samples equipped with a surface mounted strain gauge is being tested on the servo-hydraulic 
testing machine. 
 
 The preliminary static compressive tests led from an initial sample gauge 
length (GL) of 38 mm to one of 25 mm, this being a good compromise for allowing 
the extensometer installation and, at the same time, guaranteeing a uniform strain 
field (i.e. no tabs influence) on the 10 mm embedded grating. The average UCS 
derived from the 25 mm GL was -440±30 MPa, but buckling started at about -350 
MPa at a strain level of approximately -1.5%. The UTS was 355±30 MPa instead. A 
sinusoidal waveform in load control was selected for the tension-compression cycle 
and a load ratio R=-1 was chosen. A whole set of reference samples (without FBGs) 
were fatigue tested at different amplitudes in order to define the S-N curve of the 
material. Results can be found in Appendix B. Different cycling frequencies have 
been tried in order to minimize the increase of temperature during the tests. The 
waveform amplitude was set between -130 and 130 MPa (~36% of the UTS) and 
maintained constant throughout all the cycle intervals until 1,000,000 cycles were 
met. At this load level the test frequency of 2 Hz was found to limit the increase of 
temperature on the specimen to a few degrees. Tests were interrupted at 1,000, 
10,000, 100,000 and 1,000,000 cycles for the micro-CT inspections. In between 
10,000 and 1,000,000 cycles, additional intervals were defined in order to acquire 
the FBG spectrum and follow up its evolution with the progressive damage. The 
surface strain on the sample GL was recorded with a dynamic extensometer during 
the fatigue tests and not only during the static tests. Also the readings of the 
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embedded FBGs were recorded during the fatigue tests as well as during the static 
checks. In Figure 5-33, the tension-compression test setup is depicted. 
 
5.8.4.2 SENSOR READINGS 
 
 In the following, the stress-strain curves of the static tests at each cycle 
interval are presented. The samples were loaded in tension up to 130 MPa. The 
strain in the loading direction was measured for both extensometer and FBG 
sensor. FBG spectra were acquired in unloaded and loaded (130 MPa) conditions. A 
clear indication of a gradual stiffness decay throughout the fatigue test is again 
observed. In Table 5-16, Table 5-17 and in Table 5-18 the laminate stiffness values 
derived from the two sensors are compared. Generally the two values agree within 
a few % error, even for the higher fatigue cycles. This is reasonable since in this 
case a (0,902,0,902,02)s cross-ply laminate has been tested, meaning that the 0° 
oriented layers were both on the outer plies (extensometer) and in the inner plies 
(optical fibre) of the sample. In other words transverse cracking evolving in the 90° 
plies was not affecting directly the extensometer measurements. An exception 
occurs for all three samples at cycle 1: a large error up to 37% is noticed. This 
cannot be attributed to a misalignment of the extensometer (i.e. the magnitude of 
the error would imply a misalignment angle of 50°!!!). Looking at Figure 5-34c, the 
initial spectrum in unloaded conditions for sample T-C_GFRP_(0,902,0,902,02)s_03 
(60/106 µm) shows a clear peak splitting, indicating a certain amount of transverse 
strain acting on the grating. This was reported already in Figure 5-18 in Section 
5.6.3, where a residual transverse strain of about 1600 µε was quantified after 
sample production. Peak splitting occurs also for the other fibre readings when the 
samples are loaded to 130 MPa. This might suggest that a transverse strain was 
acting on the fibre. However, when comparing the curves at higher number of 
cycles up to 10,000, the split still exists but the readings are agreeing well with the 
extensometer. 
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Figure 5-34. Sample T-C_GFRP_(0,902,0,902,02)s_03 – (60/106 µm): (a) extensometer and (b) optical fibre 
strain readings, (c) spectrum of the unloaded sample and (d) at maximum load (130 MPa).  
 
 
Figure 5-35. Sample T-C_GFRP_(0,902,0,902,02)s_05 – (60/132 µm): (a) extensometer and (b) optical fibre 
strain readings, (c) spectrum of the unloaded sample and (d) at maximum load (130 MPa). 
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Figure 5-36. Sample T-C_GFRP_(0,902,0,902,02)s_10 – (125/195 µm): (a) extensometer and (b) optical 
fibre strain readings, (c) spectrum of the unloaded sample and (d) at maximum load (130 MPa).   
 
All of the FBG strain curves have been derived using the strain sensitivity 
of 0.78 x 10
-6
 [ε
-1
], as defined in Section 5.7.1. It is interesting to notice that for all 
the samples, between 10,000 and 100,000 cycles, the birefringence disappeared 
and this could be caused by: (i) a redistribution of strains in the laminate due to 
evolving damage or (ii) a local disbond of the coating from the fibre in the grating 
region. This would still allow stretching of the fibre to the axial strain applied to the 
sample, but would limit the strain transferred transversally onto the fibre. 
Eventually, the disbond will evolve into a crack running through the composite, 
thus ceasing the transverse strains transfer. CT cross-sections of the fibre 
surroundings at different fatigue cycles are reported in Section 5.8.4.3 and will 
allow drawing more conclusions on the sensor readings.    
 
no. of cycles 
σmax  
[Mpa] 
Extensometer FBG Error  
Exx [MPa] Exx [MPa] [%] 
1 130 26,217 21,679 17.31 
1,000 130 22,347 23,561 5.43 
10,000 130 21,468 21,940 2.20 
100,000 130 18,500 18,638 0.75 
1,000,000 130 18,379 17,056 7.20 
Table 5-16. Laminate stiffness degradation for sample T-C_GFRP_(0,902,0,902,02)s_03 – (60/106 µm). 
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no. of cycles 
σmax  
[Mpa] 
Extensometer FBG Error 
Exx [MPa] Exx [MPa] [%] 
1 130 21,145 23,573 11.49 
1,000 130 22,508 22,616 0.48 
10,000 130 22,284 22,001 1.27 
100,000 130 19,556 19,964 2.09 
1,000,000 130 19,094 19,944 4.45 
Table 5-17. Laminate stiffness degradation for sample T-C_GFRP_(0,902,0,902,02)s_05 – (60/132 µm). 
 
 
no. of cycles 
σmax  
[Mpa] 
Extensometer FBG Error  
Exx [MPa] Exx [MPa] [%] 
1 130 23,909 14,894 37.70 
1,000 130 20,672 20,668 0.02 
10,000 130 18,957 19,627 3.53 
100,000 130 17,461 16,233 7.03 
1,000,000 130 15,400 15,923 3.40 
Table 5-18. Laminate stiffness degradation for sample T-C_GFRP_(0,902,0,902,02)s_10 – (125/195 µm). 
 
 The results of the tension-compression fatigue test at 36% UTS on sample 
T-C_GFRP_(0,902,0,902,02)s_05 (60/132 µm) are presented. The load-displacement 
curve in Figure 5-37a highlights the hysteresis loop responsible for the damage 
evolution.  
 
 
Figure 5-37. Tension-compression fatigue at 36% UTS for sample T-C_GFRP_(0,902,0,902,02)s_05 –  
(60/132 µm): (a) Load-displacement and (b) stress-strain curves at different % of the fatigue life. (c) 
Temperature difference and laminate stiffness evolution. (d) External work (load-displacement) and 
deformation energy (stress-strain) from the extensometer and the optical fibre readings.   
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From the stress-strain curve (Figure 5-37b), the hysteresis appears to be limited up 
to 1,000,000 cycles, yet an increasing permanent deformation in unloaded 
conditions is noticeable. In Figure 5-37c, the evolution of laminate stiffness over 
the fatigue life is plotted. A steep decay in stiffness is observed after 10,000 cycles 
to then turn into a more gradual decay. The temperature increase was very limited 
and was bounded to a max of 3°C difference for all the test samples. As a 
consequence, the heat dissipation through the sample is negligible. The external 
work produced by the tensile machine to deform the specimens can be calculated 
from the load-displacement hysteresis curve. In a similar way, the deformation 
energy absorbed by the material can be defined by the integral of the stress-strain 
curve. This information is provided in Figure 5-37d and compared for both strains 
from the extensometer and the optical fibre. The trend from the optical fibre 
strains agrees well with the one of the external work, but for reasons unknown to 
the author, this is not the case for the strains of the extensometer. It is worth 
pointing out that this strain energy can be used to monitor the damage evolution 
over the fatigue life of a composite component. Embedded FBG sensors proved 
being sensitive enough to capture any event related to a change of loading 
conditions (see Appendix B). To conclude this section, the results on the permanent 
deformation and on the strain increase due to the laminate stiffness degradation 
are presented in Figure 5-38a and b.  
 
 
Figure 5-38. FBG signals evolution over tension-compression fatigue: (a) permanent strain deformation, 
(b) increase of strain (measured at maximum load) from the static tests and (c) peak splitting evolution.  
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The permanent deformation is presented in logarithmic scale to highlight the 
gradual increase observed over 1,000,000 cycles. The increase of strain acquired at 
maximum load during the static tests is plotted in linear scale over the number of 
cycles instead, in order to emphasize the initial damage up to 100,000 cycles, which 
then turns into a more stable region where no increase of strain is observed. In 
Figure 5-38c, the peak splitting distance seems not to be sensitive to any change of 
transverse strain in the laminate. This can be ascribed to the readout equipment 
used in the experiment, which was not suited to capture such small variations in 
the signal. However, for two of the sensors, the readout interrogator stopped 
detecting the double-peak at about 60,000 cycles, probably due to a release of 
strain in the inner layers.  
 
5.8.4.3 DAMAGE ASSESSMENT 
 
 Section 5.8.3.3 highlighted how one could clearly spot the transverse 
cracks in the (902,02)2s laminate subjected to tension-tension fatigue only by 
looking at the outer 90° oriented plies.  In this case, the newly proposed 
(0,902,0,902,02)s cross-ply layup had outer 0° plies. Nevertheless, these cracks could 
be visualized in these samples too. Due to the smaller sample gauge length (25 mm 
versus the 150 mm of the tension-tension ASTM D3039 sample geometry), the 
crack density is higher and extended delaminations are not yet visible at 1,000,000 
cycles. All this information is reported in Figure 5-39. 
 
 
Figure 5-39. Two MTM28 (0,902,0,902,02)s cross-ply laminates: (a) pristine sample and (b) sample tested 
for 2,174,964 cycles at 36% UTS stress level. The cracks in the inner 90° layer are visible thanks to the 
GFRP transparency.     
 
 From the CT-scan cross-sections, post-processed pictures were extracted. 
The zoomed pictures of the fibre surroundings are reported in Figure 5-40 for 
1,000, 10,000, 100,000 and 1,000,000 cycles. Not much difference is observed 
between the scans at 0, 1,000 and 10,000 cycles.  
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Figure 5-40. CT cross-sections at different load cycles from tension-compression fatigue tests (36% UTS) 
on (0,902,0,902,02)s cross-ply MTM28 GFRP laminates: (a) sample T-C_GFRP_(0,902,0,902,02)s_03 – 
(60/132 µm), (b) sample T-C_GFRP_(0,902,0,902,02)s_05 – (80/132 µm), (c) sample                                        
T-C_GFRP_(0,902,0,902,02)s_10 – (125/195 µm). 
 
The scan of sample T-C_GFRP_(0,902,0,902,02)s_10 (125/195 µm) captured 
by coincidence a porosity near the sensor being a manufacturing defect. Due to its 
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presence, a crack probably developed through the fibre and the composite 
between 10,000 and 100,000 cycles. Its geometry is very similar to the ones 
reported in Section 5.8.2.2: the fibre coating is cracked on the top and bottom side 
(compressive stresses) and completely debonded from the fibre cladding for half of 
the circumference. From the fibre coating, the cracks propagates through the 
composite towards the 0°/90° layer interface. In addition to this, the cross-section 
at 1,000,000 cycles highlights two cracks running on the opposite side of the 
fibre/coating interface, thus debonding completely the fibre from the surrounding 
composite. In fact, this could be observed already from the loaded spectrum sensor 
readings at 100,000, where the initial peak splitting disappeared. The transverse 
strain acting on the fibre ceased due to the debonding and therefore the strain 
transfer changed. To be noted that from a section taken distant from the porosity 
(Figure 5-40c indicated as upper volume region), the crack develops in a later stage 
between 100,000 and 1,000,000 cycles. For the other sensors, no cracks were 
noticed after 1,000,000 tension-compression load cycles.  
   
 On a final note, in order to assess whether the presence of the fibre was 
affecting the overall number of cycles to failure, some samples with embedded 
FBGs were cycled to failure and their total number of cycles was comparable with 
the total number of cycles to failure of the reference samples (without embedded 
fibre) tested at the same load level. The stiffness reductions at defined % of lifetime 
were also comparable.      
 
 
5.9 FURTHER EXPLORATION OF HIGH-RESOLUTION 
MICRO-CT FOR CHARACTERIZATION OF EMBEDDED 
OPTICAL FIBRES 
 
The previous sections have convincingly shown the potential of high-
resolution micro-tomography for studying the interaction between embedded 
optical fibre sensors and the surrounding composite laminate. At the same time, 
the evolution of damage can be tracked in a reliable way. In this last section, the 
advantages of high-resolution micro-tomography for characterization of embedded 
optical fibres are further demonstrated by two case studies: (i) the non-destructive 
orientation control of embedded Multi-structured Optical Fibres (MOF), and (ii) the 
alignment and possible bending of embedded optical fibres in textile composites 
(induced by the nesting of the different woven plies of the laminate). 
 
 
5.9.1 MICRO-STRUCTURED OFS ORIENTATION CONTROL 
 
 This section introduces the result of a scan performed on a CFRP cross-ply 
laminate having a Multi-structured Optical Fibre (MOF) embedded in its mid-plane. 
This fibre type was already introduced in Chapter 2 Section 2.2.6. Its particularly 
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designed core structure, which is filled by air holes, gives it different sensitivities 
along its principal axes. Because of the air hole orthotropy in the design shown in 
Figure 5-41a, modal birefringence is induced in the optical fibre, which results in 
two peak wavelengths being reflected by the sensor element (Figure 5-41b). The 
fibre embedded in this laminate was specifically designed for peak separation  
(which is directly linked to the fibre modal phase birefringence) to be sensitive to 
transverse strain, while being insensitive to changes in temperature or axial strain 
[47]. In order to exploit the directional sensing capability, the fibre needs to be 
oriented in the direction of interest when embedded in the composite laminate. A 
misorientation might lead to misinterpretation of the real strain field. In such case, 
the orientation of the grating needs to be verified after embedding. Luyckx et al. 
[48] have been investigating the orientation and the consequent different strain 
response of several MOF fibres by means of a post-mortem cross sectional analysis.  
 
Micro-CT was successfully applied to obtain feedback on the orientation of 
such a sensor after embedding. In Figure 5-41c, the 3D rendering of a micro-CT 
scan is presented for a 125 µm MOF which has been embedded in a cross-ply CFRP 
prepreg M18/M55J laminate.  
 
 
Figure 5-41. (a) Polished cross-section obtained by optical microscopy (0.8× to 20×) for a stripped micro-
structured optical fibre (MOF) embedded in 8 UD layers of CFRP prepreg M18/M55J. (b) Typical 
wavelength response for a MOF, showing a fast and a slow peak; the shift is temperature independent. 
(c) 3D volume reconstruction of a micro-CT scan on an acrylate coated MOF embedded in CFRP prepreg 
M18/M55J cross-ply laminate. One can also notice a crack passing through the OF coating. 
 
The fibre has in this case a 200 µm acrylate coating and was placed 
between two 0° layers. The purpose of the performed scan was to investigate if the 
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fibre presented a twist along its axis: knowing the actual orientation, the correct 
calibration for axial and transverse load was therefore possible. The 3D rendering 
highlights a good orientation of the sensor along its axis. However, what the 
rendering also highlights, is the presence of a transverse crack evolving through the 
fibre/coating interface. This emphasizes the importance of the technique for 
visualizing cracks or other defects otherwise hidden, as it was already presented in 
Section 5.6.1. For completeness, the micro-CT setup used and the scan settings are 
summarized in Table 5-19. 
 
Material 
Scanned 
Scanner 
Power 
(mW) 
Voltage 
(kV) 
M 
Voxel pitch 
(µm) 
Volume 
mm
3 
M18/M55J 
Modular  
900 nm 
3 100 60 2 3 × 2 × 4 
 
Table 5-19.  Micro-CT setup and settings used for the scan on the embedded MOF sensor. 
 
 
5.9.2 OFS BENDING IN A FABRIC CARBON-PPS 
 
More than a position check, or a quality control, micro-CT represents a 
tool that helps to interpret strain profiles at unit cell level [49]. The composite 
layup has an important effect on the embedding quality of the optical fibre: as an 
example, a commercial 125 µm DTG® fibre was embedded in a carbon Polyphenyl 
Sulphide (PPS) woven fabric Cetex® material from TenCate (Poortvliet, 
Netherlands) [50]. Two different laminates with symmetric layup, both having the 
same amount of “semi-preg” layers, are compared: in the first case the OFS is 
aligned with the weft yarns of the layers in contact (i.e. symmetry plane), resulting 
in a [(0,90)]4s layup. On the contrary, the second layup sees the OFS aligned with 
the warp yarns having therefore a [(90,0)]4s layup. Differences in compaction of the 
yarns during resin consolidation may lead to a different strain profile. The 
difference between the two stacking sequences can be deduced from Figure 5-42, 
where a schematic shows a comparison between the layups considered, as well as 
a side section taken from the micro-CT rendering. The selection of an appropriate 
voxel pitch size results from a compromise between having a good quality image 
and, at the same time, being able to scan a complete unit cell volume. For this 
woven fabric the unit cell length is 7.4 mm. A total of four samples were resized to 
these dimensions w × t × l = 10 mm × 2.5 mm × 250 mm and stacked side by side, 
so to be scanned all at the same time. The micro-CT setup used and the scan 
settings are summarized in Table 5-20. 
 
Material 
Scanned 
Scanner 
Power 
(mW) 
Voltage 
(kV) 
M 
Voxel pitch 
(µm) 
Volume 
mm
3 
Carbon-PPS 
Modular  
900 nm 
10 130 33 6 10 × 10 × 10 
 
Table 5-20.  Micro-CT setup and settings used for the scan on the Carbon/PPS laminates. 
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Figure 5-42. (a) Schematic and micro-CT side section of a 125 µm optical fibre embedded in a 
symmetrical stacked carbon-PPS [(0,90)]4s layup; (b) Same schematic and micro-CT side section obtained 
for a [(90,0)]4s layup. The Optical fibre has been highlighted in green colour. One can notice the bending 
of the fibre with respect to its horizontal axis (horizontal dash-dotted red line). The axis has been 
obtained from the envelope cylinder defined around the fibre. Finally, the white lines represent the 
envelopes of the bundle yarns of carbon fibre.  
 
 In the rendering (Figure 5-42), the fibre has been coloured in green for 
clarity: a pronounced bending along its axis can be noticed in both images (relative 
difference with the dashed horizontal line). This is a direct consequence of the 
nesting of the optical fibre in between the weave fabric, which is compacted with 
10 bar of pressure and cured at 310 °C. For each sample, a spectrum of the 
embedded FBG sensor was acquired. As suspected, all of the reflected peaks are 
distorted even though the samples have never been loaded. In fact, the sensor 
collects a mix of axial and transverse strain components, as a consequence of the 
yarns’ nesting. The bending effect on the FBG sensor is even more emphasized in 
the 3D micro-CT reconstruction around the grating location. The scan has helped to 
interpret the spectrum distortion (i.e. lateral lobes and peak splitting), which built 
up after consolidation of the resin. Further sections along the stacking plane at the 
optical fibre location were extracted from the 3D rendering, as shown in Figure 5-
43. A total of four cases are presented: the first two (a,b) show the OFS embedded 
between two (90,0) layers (i.e. the warp yarns are in contact with the grating), 
while (c,d) depict the OFS in between two (0,90) layers (i.e. the weft yarns are in 
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contact). On the left hand-side of Figure 5-43, one can find an image of a section 
relative to the lower half of the sample (layer immediately below OFS), in the 
centre the same image is taken for a section of its upper half (layer immediately 
above OFS) and on the right hand-side the spectrum acquired from the embedded 
OFS is given. It can be noticed how the woven carbon layers are not perfectly 
aligned with one another, probably due to imprecisions during layup. In addition to 
this, it can again be noticed how the optical fibre bends due to the intrinsic carbon 
fibre architecture.  
 
Different embedding results are revealed and accordingly different 
reflected spectra were found. In case (a)-left the fibre runs parallel to the warp 
yarn, but shifted to its edge. It can be noticed how the layer on top of it is shifted 
half a warp width to the left. The reflected spectrum is broadened and four 
different peaks can be identified. Case (b) presents the same layup: the section on 
the bottom layer shows the fibre at the edge of the warp yarn, while in the upper 
one the fibre is centred in the middle of the warp yarn. The resultant spectrum 
reveals again peak broadening with two well-distinct lateral peaks. Case (c) 
features the (0,90) layup: also in this case, a shift between the warp yarns can be 
noticed from the lower and the upper layer. On the contrary, for the weft yarns the 
fibre seems positioned at the same location, namely on the yarn edge, both on the 
top and on the bottom layer. The spectrum exhibits again distortion resulting in a 
combination of peak splitting and shouldering, where the right peak exhibits lower 
intensity. Finally, the last case (d) presents a similar situation as for case (c), but a 
few relevant matrix cracks arise from the top-layer section. The reflected spectrum 
exhibits lower power with respect to the other cases and there is a considerable 
peak broadening with three recognizable peaks.  
 
A clear distinction between the different cases cannot be made at this 
stage of the research, since the local nature of the fibre nesting depends on several 
factors (i.e. fibre shift with respect to the warp yarn, matrix crack, layup, weft yarn 
position with respect to the FBG). Furthermore, there is no evidence of a consistent 
difference in the spectrum profile for the two different stacking sequences 
considered. The shift between two adjacent plies could influence the local strain 
profile of the unit cell, and, accordingly, the response of the grating. Normally, 
during hand layup of the woven carbon plies this shift cannot be controlled with 
enough accuracy and therefore the response of the material could be different 
from case to case. In this sense, making use of data from measurements of 
embedded optical fibres could help to develop and validate a material model that 
accounts for this misalignment. 
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Figure 5-43. Sections along the stacking symmetry plane for four different carbon-PPS samples. Left: a 
section is taken from the 3D rendered volume of the reconstructed micro-CT along the woven-fabric 
layer just below the optical fibre; centre: the same section is taken just above the optical fibre on the 
upper woven-fabric layer; right: a spectrum of the optical fibre reflected signal is displayed. The first two 
cases (a,b) present the same stacking sequence [(90,0)]4s, while the last two cases (c,d) present the 
reversed situation [(0,90)]4s.  
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5.10 CONCLUSIONS 
 
 In this Chapter, the potential of the non-destructive technique known as 
High-Resolution X-ray Computed Tomography or µCT was presented for internal 
material investigation on CFRP and GFRP composite laminates. The scanned 
samples had embedded optical fibres, and the µCT proved capable of clearly 
visualizing the fibre outlines even for GFRP, where the attenuation difference 
between the materials is small (i.e. reinforcing glass fibre/silica optical fibre have 
comparable density, therefore similar attenuation coefficients). To the author’s 
best knowledge, this is the first time that highly focused µCT scans (i.e. up to 2 µm 
resolution) have been performed on laminates with embedded FBG.   
 
For the first time, extensive fatigue tests were performed on laminates 
with embedded Ormocer® coated optical fibre sensors. The influence that the fibre 
had on the fatigue life of the laminate was extensively addressed for different 
loading cases, different composite materials and different optical fibre sensors 
diameters. DTG® optical fibres were embedded in cross-ply M18/M55J carbon fibre 
reinforced epoxy laminates and tested to failure. Tension-tension fatigue with 
R=0.1 and 50% UTS load amplitude was considered. Despite some initial damage 
for some samples, no significant reduction of the fatigue lifetime was encountered 
for the samples having optical fibres embedded. Even for the “already damaged 
samples”, no further crack growth in the sensor surroundings was noticed after 
4,000,000 cycles.  
 
MTM28-1/E-350 glass fibre reinforced epoxy cross-ply laminates with 
embedded optical fibres with different diameters were subjected to both tension-
tension and tension-compression fatigue cycling. The tension-tension tests (R=0.2, 
35% UTS) lasted 4,000,000 cycles and no damage was observed in the sensor 
surroundings. A different situation has been observed for the tension-compression 
tests (R=-1 36% UTS). After approximately 100,000 cycles, a crack initiated at the 
composite/coating interface, probably due to an air void at the sensor surrounding. 
It grew through the coating/cladding interface debonding the fibre completely 
from its surroundings. This was observed only for the largest sensor (125/195 µm), 
whereas no damage was noticed in the other samples. Nevertheless the sensor 
readings were useful to define stiffness degradation in the laminate caused by 
growing damages. 
 
The long term performance of embedded optical fibres was assessed 
throughout the fatigue tests and sensor readings were used to define the stiffness 
decay, the permanent strain evolution and the strain energy evolution throughout 
tension-compression fatigue tests. No similar work could be found in literature. In 
the following Chapter, the application of this sensing technology will be proved on 
real composite components produced by resin transfer moulding. 
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Moreover, the potential of the micro-CT technique was exploited to assess 
the quality of embedded optical fibres. This has revealed in some cases internal 
damage in the fibre surrounding already after manufacturing of the laminates, 
especially when high curing temperatures were used to cure CFRP laminates. CT 
scans helped analysing the fibre orientation of MOF fibre optics after embedding 
and its alignment with the reinforcing fibre direction.  
 
CT scans allowed also investigating the more complex fibre architecture of 
a woven fabric carbon-PPS laminate where DTG® fibres have been embedded. This 
has revealed how the imprecisions during manufacturing (i.e. yarn shift during 
nesting of plies) can lead to very different results of the reflected spectrum on the 
sensor. However, addressing the local strain profile induced from resin 
consolidation during production for this complex fibre architecture is at this 
moment not possible. The measured reflected spectrum seems to be affected by 
many variables, including embedding imprecisions and local fibre architecture. 
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6 
SMART COMPOSITE STRUCTURES 
 
 
 
 
 
 In this Chapter, two case studies on real composite components produced 
by the Resin Transfer Moulding (RTM) production process are treated. These cases 
can be regarded as demonstrators of the technologies developed in the Self-
Sensing Composites (SSC) project. Particularly, optical fibres and capacitive sensors 
were integrated in these two composite preforms and their production processes 
was monitored.  The first component is a control arm of an automotive rear 
suspension. The second component which will be discussed is the hinge arm on the 
leading edge droop nose mechanism of the A380 wing. Both components were 
developed in previous research projects and the existing moulds were made 
available within SSC. In both cases, a Fibre Bragg Grating (FBG) sensor network was 
embedded in the fibre reinforced layup and measurements were acquired 
throughout the RTM production process. Two main challenges were to be 
overcome: first, the integration of the sensor lines in the components had to be 
accomplished without bringing any changes to the existing moulds. This meant 
adapting the fibre egress point to the existing mould geometry and feed the fibre 
lines through the mould resin outlets. Second, the demoulding of the components 
had to be performed without damaging the sensor lines. The embedding strategy 
proposed revealed to be successful in both cases. The wavelength shifts of the 
Fibre Bragg Gratings were observed from the initial layup, over the resin injection, 
the complete curing of the resin and the cooling-down, prior to demoulding. The 
sensors proved to be sensitive to detecting the resin flow front, vacuum and 
pressure increase into the mould and the increase of temperature induced by the 
resin curing. Measurements were acquired during the post-cure thermal cycle. 
Thermocouples were also embedded in the hinge arm preform. For this reason the 
wavelength shift could be corrected for the temperature effect and residual strains 
throughout all steps of the process were derived. Values up to 0.2% strain in 
compression were observed. Finally, capacitive sensors were embedded in the 
hinge arm component in order to monitor the curing evolution during the 
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production process. Sensors proved to be able to detect the resin flow front, 
whereas thermocouples could not measure an increase of temperature due to the 
resin approaching.  
 
 
6.1 AUTOMOTIVE CONTROL ARM 
  
 The automotive composite control arm was the result of a case study 
developed as part of the Cornet Project “Design for Manufacturing of Composites” 
(DeMaCo) [1]. The main goal of the project was defining guidelines for composite 
manufacturers, who are willing to start the production of new composite 
components. A conventional car suspension control arm made of steel was chosen 
for demonstration purposes and a redesign to a composite sandwich structure 
produced by RTM was proposed. A mould was designed and manufactured, and 
optimal process parameters were determined in order to obtain a component of 
good quality. However, in the frame of DeMaCo there was no intention of 
integrating sensors into the component. Only with SSC, this idea came across and 
the first production monitoring experiment was introduced.  
 
Firstly, an overview of the component features is given, then the setup is 
described and finally the production monitoring results are disclosed. In Figure 6-
1a, a schematic of the assembly of the suspension is presented, with highlighted 
the component of interest. Next to it, a CAE drawing of the two-halves of the 
mould highlights all the features of interest. 
 
 
 
Figure 6-1. (a) Schematic of the rear suspension control arm and (b) CAE of the mould assembly. 
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6.1.1 PRODUCTION MONITORING SETUP 
 
 As from Figure 6-1b, the mould is composed of an upper and a lower part, 
clamped and sealed together by means of threaded bars. In the mould cavity, the 
composite preform was inserted. Two resin inlets at the opposite ends of the 
mould served as resin injection points. The resin was pumped through the inlet 
channels towards the preform, impregnated it and left through two outlets in the 
mould central region, one on the top and one on the bottom side. Besides proving 
the feasibility of translating the design of existing metal components into 
composite ones, a secondary target for the DeMaCo project was obtaining a net-
shape component. This meant that the hinge connections at the arm extremities, 
needed to be produced within the RTM process. The adopted solution considered 
integrating in the preform two bushings, which needed to be kept aligned 
throughout the whole process, in order to avoid any CNC milling after production. 
PA (Nylon®) inserts were used to hold the bushings in position. Figure 6-2 gives an 
overall view of the production steps and of the final result of the produced CFRP 
control arm.  
 
 
Figure 6-2. RTM production process of the automotive control arm: (a) lower half-mould and preform, 
(b) clamping frame with upper half-mould, (c) sealing and pre-heating of the mould prior to injection 
and (d) demoulding of the cured component. 
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The mould was designed with an additional heating/cooling circuit (Figure 6-2c), 
which was used to control the temperature throughout the process, hence 
speeding it up especially during the cooling stage prior to demoulding. A few 
production trials were first performed in order to fine-tune the process. 
Afterwards, two hinge arms carrying FBG sensor lines were produced. Only the last 
one will be described in detail in the following. The FBG signals were acquired 
throughout the process by means of the FBG-Scan804 interrogator from FBGS® 
Technologies GmbH (Jena, Germany) having a 1510-1590 nm bandwidth and a 
wavelength precision of ±1 pm was used. The sensors lines embedded in the 
control arm preform were 125 µm DTG® fibres from FBGS® Technologies GmbH, 
with inscribed gratings in the range of 1510-1590 nm [2].     
 
 
6.1.2 SENSOR EMBEDDING 
 
 The automotive control arm component is basically a sandwich composite 
having an inner foam core and an outer carbon fibre composite skin. A picture of 
the produced part with embedded sensors, including its optical fibre egress cable, 
is presented in Figure 6-3a (part size L x B x H = 500 x 150 x 100 mm
3
). A schematic 
indicating the types of reinforcement present in the layup of the control arm is 
illustrated in Figure 6-3b. The location where the suspension spring finds its 
housing is indicated too.             
 
 
Figure 6-3. 3D concept drawing (a) and real component with embedded sensors (b) for the rear 
suspension control arm. 
 
 First, a PET foam core (Figure 6-4b) was CNC machined according to the 
designed shape and a 25 mm wide groove was milled longitudinally along its 
length. This groove served to house three layers of unidirectional (UD) carbon fibre 
strip. Two metallic T-igel® inserts from Teufelberger (Wels, Austria) were fixed at 
the PET foam extremities and wrapped around with the UD strips, as depicted in 
Figure 6-4a and c. In addition to the UD reinforcement, a 3K 2x2 twill weave carbon 
fibre fabric ply was draped over the entire foam core, taking care to orient the 
fibres at ±45°, in order to obtain the desired torsional stiffness.  
 
Two optical fibre lines were placed between the second and third UD 
strips and aligned in the same direction of the reinforcing fibres. Optical Fibre line 1 
(OF1) carried five FBG sensors, of which FBG 1-1 and FBG 1-2 were embedded on 
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the bottom and on the top side of the arm. FBG 1-3 and FBG 1-4 were placed in 
between the PET foam and the woven fabric ply on the two opposite lateral sides 
of the part and were oriented at 45° with respect to the arm’s longitudinal 
direction. FBG 1-5 was embedded between the foam core and the carbon fibre 
fabric near the edge of the spring housing. Similarly, Optical Fibre line 2 (OF2) 
carried seven FBG sensors, namely: FBG 2-1 and FBG 2-2 were located at the 
bottom side of the arm, FBG 2-3 at the side, over the larger diameter bushing, and 
FBG 2-4 and FBG 2-7 were located at the top side of the part, with the latter close 
to the edge of the spring housing (i.e. meant as extra FBG). FBG 2-5 and FBG 2-6 
were placed on the two opposite lateral sides of the part and oriented at 45°. For 
clarity, one can refer to Figure 6-4 for the exact location of each sensor.  
 
 
Figure 6-4. Preform preparation and fibre optic embedding step sequence for the rear suspension 
control arm. 
 
The sensors were embedded parallel to the reinforcing fibres direction. By 
doing so, the sensitivity of the sensor embedded in between the UD strips was 
maximized to the edgewise bending loads. For the same reason, the sensors 
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oriented at 45° on the lateral sides of the arm were more sensitive to applied 
torsional loads. This point is not so much of relevance for the results of the 
production monitoring, but rather important when the structure is going to be 
subjected to operational loads. 
 
For clarity, the location of each FBG and their position through the layup 
are summarized in Table 6-1. It is worth to mention that no thermocouple was 
included in the preform, therefore no information on temperature was available 
during the resin injection and curing. 
 
Fibre Line Grating Location Layup position 
 FBG 1-1 0° bottom 2nd UD/3rd UD 
 FBG 1-2 0° top 2nd UD/3rd UD 
OF1 FBG 1-3 ±45° side foam/ twill weave 
 FBG 1-4 ±45° side foam/ twill weave 
 FBG 1-5 extra FBG foam/ twill weave 
 FBG 2-1 0° bottom 2nd UD/3rd UD 
 FBG 2-2 0° bottom 2nd UD/3rd UD 
 FBG 2-3 side FBG 2nd UD/3rd UD 
OF2 FBG 2-4 0° top 2nd UD/3rd UD 
 FBG 2-5 ±45° side foam/ twill weave 
 FBG 2-6 ±45° side foam/ twill weave 
 FBG 2-7 extra FBG foam/ twill weave 
Table 6-1. FBG embedding position in the automotive control arm. 
 
 
6.1.3 DESIGN OF THE FIBRE OPTICS EGRESS 
 
 Worth remarking is that, since the mould was already designed when the 
opportunity of performing production monitoring tests on the component came 
across, the sensor embedding, and particularly the sensor egress, had to be 
achieved by exploiting the existing mould inlet/outlet channels. The centre of the 
spring housing, was chosen as the egress point for the optical fibre lines. A metal 
reinforced cable was used as fibre egress and it was fed through the resin outlet 
channel (Figure 6-5c). Inside, two Teflon® (PTFE) tubes each carrying a sensor line 
were inserted. A 4 mm hole was drilled in the foam core in the centre of the “spring 
housing”. The whole cable assembly was inserted through this hole.  
 
A problem to overcome was the flowing of resin over the cable at its 
egress, which after curing could create a fragile zone, eager to break-off during 
demoulding of the part. By sliding a heat-shrinkable tube onto the reinforced cable, 
used as a sacrificial component, the cable could slide freely while the component 
was being demoulded (Figure 6-5b). The two optical fibre lines were bent towards 
the foam groove by means of two 90° shaped tubes, joint together into the 
reinforced cable and sealed with UV curable glue, to prevent epoxy from flowing 
through the cable (Figure 6-5a). This intrusive tubing was embedded on beforehand 
in the foam in order to minimize any resin pocket into the laminate. The fibres 
CHAPTER 6: SMART COMPOSITE STRUCTURES 
 
 
187 
were then placed in between the two UD carbon fibre strips. Also the fibre/tubing 
transition was sealed with UV curable glue to avoid resin flowing into the tubing. In 
fact, this could cause fibre embrittlement. The described solution proved successful 
and allowed a safe demoulding. In the next section, the results of the production 
monitoring tests will be introduced.   
 
 
Figure 6-5. Fibre egress design: the reinforced cable needs a gradual diameter change before being 
inserted into the composite layup.  
 
 
6.1.4 PRODUCTION MONITORING RESULTS 
 
 The resin chosen for the process was a two component epoxy system from 
Huntsman® (The Woodlands, Texas), namely the Araldide LY1564 resin and Aradur 
XB 3485 hardener [3]. The two components were separately preheated at 60°C, 
mixed in a mixing ratio of 100:37 by weight and injected at 5 bar pressure into the 
mould through the two inlet channels. Vacuum was also applied to the mould 
through the outlet channels. The optical fibres were fed through the lower half-
mould outlet. The whole injection phase lasted less than 10 minutes, the curing 
lasted less than 4 hours. Data recording started shortly after closing the mould and 
ended with the demoulding, after cooling down to room temperature. A full 
spectrum was acquired for each sensor at relevant times during the process, 
namely prior the sensor embedding, once the mould was filled by resin, once the 
resin was cured and once the component was cooled to room temperature. These 
spectra are summarized in Figure 6-6a and b respectively for all FBGs of OF1 and of 
OF2.  
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After demoulding, the component was placed in an oven and post-cured for 45 
hours at 50°C. In Figure 6-6c and d, the spectra acquired at room temperature 
before and after post-curing are depicted.  
 
 
Figure 6-6. Spectra – OF1 (a) and OF2 (b) – acquired during RTM cure and post-cure of the automotive 
control arm. 
 
For clarity in Table 6-2, one can find the initial and final Bragg peak values 
λB, where “initial” means before embedding and “final” means after post-curing. It 
is clear from Figure 6-6a that FBG 1-3 and FBG 1-4 show large peak distortions due 
to their embedding position (i.e. directly in contact with the PET foam core). For 
OF2, FBG 2-3 also exhibits a larger distortion, probably due to its embedding 
location next to the bushing.  
 
 
 
 
 
 
 
 
 
CHAPTER 6: SMART COMPOSITE STRUCTURES 
 
 
189 
Fibre Line Grating 
Initial λB 
(nm) 
Final λB 
(nm) 
 FBG 1-1 1519.313 1520.131 
 FBG 1-2 1524.290 1524.251 
OF1 FBG 1-3 1528.621 
1526.314 
1528.439 
 FBG 1-4 1532.059 1530.139 
 FBG 1-5 1535.020 1535.910 
 FBG 2-1 1552.906 1552.440 
 FBG 2-2 1556.958 1556.010 
 FBG 2-3 1560.377 1559.624 
OF2 FBG 2-4 1564.455 1564.404 
 FBG 2-5 1569.884 1568.237 
 FBG 2-6 1571.374 1572.478 
 FBG 2-7 1575.847 1576.625 
Table 6-2. FBG central wavelengths λB before and after production of the automotive control arm. 
 
 
 
Figure 6-7. Wavelength shift evolution (OF1 and OF2) during RTM curing of the automotive control arm. 
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In Figure 6-7a and b, the wavelength shifts during the RTM production, for OF1 and 
for OF2 respectively, are disclosed. The shifts have not been corrected for 
temperature, as no independent temperature measurements could be performed. 
The wavelength peaks were acquired using a Centre-of-Gravity (COG) algorithm. 
Initially (first 35 minutes), the combined effect of vacuum and preheating of the 
preform show a general increase in wavelength, followed by a sudden step given by 
the resin being injected into the mould: this is hence a combined effect of 
temperature and pressure. The wavelengths kept more or less constant during the 
first stage of the curing, except for FBG 1-3 and FBG 1-4. It is not yet clear what 
happened to the signals at about 2.75 hours, where a sudden change of the 
wavelength for FBG 1-3 on OF1 and FBG 2-2 on OF2 was observed. Afterwards, the 
wavelengths increased again until the mould was cooled down and the 
measurements were stopped before demoulding the part. In Figure 6-8a and b, 
information on the wavelength shift evolution during the oven post-curing is 
presented. 
 
 
Figure 6-8. Wavelength shift evolution (OF1 and OF2) during RTM post-curing of the automotive control 
arm. 
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A 45 hours temperature cycle at 50°C was imposed. One can notice the largest shift 
captured by FBG 1-3 and FBG 1-4 on OF1 and FBG 2-3 on OF2. These are, 
respectively, the two FBGs directly in contact with the PET foam core and the FBG 
in contact with the bushing. Due to the heavy peak distortion on FBG 1-3, the signal 
was lost after approximately 20 hours. In general, the post-cure induced a 
compressive strain on the sensors. The total residual strain generated can be 
estimated comparing the initial and final spectra acquired at room temperature. 
The largest compressive strains (up to -1600 µɛ) were observed for the sensors 
embedded between the PET foam core and the woven fabric (i.e. FBG 1-4). This 
information can be derived from Table 6-2, since the wavelengths are compared at 
room temperature.  
 
Worth to be noticed equally, are the data recorded during the resin 
injection phase (Figure 6-9), where the wavelength shifts present a periodic 
behaviour. This periodic variation is caused by the stroke-pump which is injecting 
the resin and the pressure change is captured by the sensors.  
 
 
Figure 6-9. Wavelength shift evolution (OF1) during resin injection for the automotive control arm RTM 
production. 
 
 
  
6.2 A380 LEADING EDGE HINGE ARM 
 
 Similarly to what was presented in Section 6.1, in the following the 
production monitoring test on an aerospace component is discussed. A multi-
sensor approach, which combined dielectric sensors, temperature sensors and 
strain sensors, was used to monitor the curing process (i.e. resin injection, curing, 
demoulding and post-curing) of a glass fibre composite component (produced by 
RTM) featuring the hinge arm of the droop nose mechanism on the Airbus A380 
wing leading edge. The part geometry and the droop nose lifting mechanism are 
sketched in Figure 6-10 (part size L x B x H = 800 x 100 x 150 mm
3
). The component 
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was the final result of a previous research project, the European AISHA II (Aircraft 
Integrated Structural Health Assessment II) project, where the feasibility of 
translating the design and production of a conventional aeronautical metal part 
into a composite one was proved. Since the aim of this Chapter is to present results 
on the cure monitoring of real industrial composite components and not to 
describe their design process, the reader is invited to consult the specific project 
summary for more details [4]. 
 
  
Figure 6-10. Schematics of the hinge arm and the droop nose mechanism on the Airbus A380 wing 
leading edge (side section) [5]. 
 
 In AISHA II, an aerospace qualified epoxy resin reinforced with a 5H satin 
weave carbon fibre fabric was used. Instead, glass fibres and a transparent matrix 
were chosen in the SSC project to ease the optical evaluation of the sensor location 
and the quality of the produced process. It is worth to mention that not all of the 
sensors can be safely embedded in a composite structure which is intended to be 
employed during normal operation. In fact, large sensors can act as initiators of 
damage and their embedding should therefore be limited to preproduction trials, 
with the aim of gaining information on the manufacturing process. In this sense, 
the current multi-sensor approach was meant for production monitoring.  
 
In the hinge arm preform, an optical fibre line carrying five FBG sensors, 
together with two capacitive sensors and two thermocouples were embedded. 
While the optical fibre and the thermocouples were commercially available 
sensors, the capacitive sensors were in-house developed (cf. Chapter 3). Their 
printed circuit board based technology allowed to design relatively low-cost 
sensors, meant to be disposable, but strong enough to be integrated in industrial 
production. The part was produced by the RTM process, then demoulded and post-
cured in an oven. The sensor readouts were acquired throughout the whole curing 
and post-curing process. 
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6.2.1 PRODUCTION MONITORING SETUP 
 
 The component was made via the RTM process, by means of a stroke 
pump which was used to mix the epoxy resin and inject it into the mould. The latter 
was made of a lower part and an upper lid, closed and sealed together, with the 
inner fibre preform being impregnated by the flowing resin. In Figure 6-11, an 
overall view of the mould and of the component being demoulded is presented. In 
order to obtain vacuum and pressure tightness, a clamping frame was used. The 
mould had an inlet at one extremity and an outlet on its diagonally opposite end. 
  
 
Figure 6-11. RTM production process of the A380 hinge arm: (a) the mould mounted on its clamping 
frame and (b) demoulding of the part after cure. 
 
 As opposed to the net-shaped automotive control arm, the hinge arm 
needed some post-production milling operations, in order to drill the hinge holes 
and trim its contour to final shape. In this case, the aluminium mould was not 
equipped with a heating/cooling system (cf. Section 6.1.1) and therefore the 
process was performed at ambient temperature. 
 
The resin chosen for the process was a two-component epoxy system 
from Huntsman® (The Woodlands, TX, USA), namely the Araldite LY1564 resin and 
Aradur XB 3486 hardener [6]. The manufacturer’s datasheet indicated a curing 
cycle of 48 hours at 23°C, which can be reduced to 20 hours when the temperature 
is increased to 40°C. In order to improve the resin’s mechanical properties, a post-
curing cycle is suggested. The two resin components were separately preheated at 
60°C, mixed with a weight ratio of 100:34 and injected at 5 bar pressure into the 
mould through the inlet channel. Vacuum was applied to the mould, in order to 
evacuate possibly trapped air bubbles in the preform. The whole injection phase 
took about 30 minutes. Once the resin reached the outlet tubing, the pump was 
disconnected and the inlet and outlet tubing were clamped. The whole RTM curing 
process lasted about 28 hours. Afterwards, the component was demoulded and 
post-cured in an oven for 8 hours at 80°C. 
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6.2.1.1 STRAIN MONITORING 
 
 The strains were derived from the FBGs’ wavelength peak shift throughout 
the curing and the post-curing processes. During the curing process a Micron 
Optics® (Atlanta, Georgia) static interrogator sm125-500 with 1510-1590 nm 
bandwidth and a wavelength repeatability of ±0.2 pm was used; for the oven post-
curing a FBG-Scan804 interrogator from FBGS® Technologies GmbH (Jena, 
Germany) was used, instead. The latter had a 1510-1590 nm bandwidth and a 
wavelength precision of ±1 pm. The optical fibre sensor lines were DTG® fibres 
from FBGS® Technologies GmbH having inscribed FBGs in the range of 1510-1590 
nm. The cladding diameter was 125 µm and the fibres were coated with an 
Ormocer® (organic modified ceramic) material with an overall outer diameter of 
195 µm [2]. 
 
6.2.1.2 CURE MONITORING 
 
 DEA measurements were acquired during the resin injection, the curing 
and the oven post-curing process. Two different types of planar inter-digit sensors 
were used, namely the one developed at UGent-CMST (Centre for Microsystems 
Technology) and a commercially available IDEX 115 provided by Netzsch GmbH 
(Selb, Germany). Capacitance and dissipation factor measurements were 
performed on two different pieces of equipment as well. The in-house developed 
sensor was connected to an HP 4284A Precision LCR and measurements were 
performed with frequency sweep ranging from 100 Hz to 1 MHz with 10 points per 
decade. The time required per sweep was approximately 16 seconds. The other 
sensor was connected to a dielectric analyser DEA 288 also from Netzsch GmbH. In 
this case, the measurements were done with a frequency sweep ranging from 1 Hz 
to 1 MHz. The benefit of having two different pieces of equipment was the 
possibility of validating the results obtained from the in-house developed sensor. 
For this purpose, the high-precision LCR meter was used on the in-house developed 
sensors in order to obtain more accurate measurements. Temperature values were 
acquired with the DEA 288 using two type K thermocouples which were installed 
next to the capacitive and the FBG sensors. The LCR meter’s raw data were further 
post-processed via Matlab®, while for the DEA 288 the data were visualized via the 
Proteous® analysis software provided by Netzsch. 
 
 
6.2.2 SENSOR EMBEDDING 
 
The component consisted of a main body and a bottom flange at its base, 
as can be seen from Figure 6-12. The main body had four holes, which were drilled 
after production and where the droop nose mechanism actuators could be 
connected. A total of three layers of chopped strand mat glass fibre were cut to 
size and placed into the aluminium mould. Each of these layers had an aerial 
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density of 1000 g/m
2
 and was 6 mm thick, for an overall thickness after curing of 
17.5 mm. An optical fibre line (OF) carrying five FBG sensors was placed between 
the second and third mat layer, as indicated in Figure 6-13a. Next to FBG 1 and FBG 
5, two planar inter-digit capacitive sensors were positioned: more in detail, next to 
FBG 1 an in-house developed sensor 68 µm thick, with a sensitive area of 12 x 15 
mm
2
 was used. Next to FBG 5, an IDEX 115 sensor form Netzsch® having a thickness 
of 190 µm and a sensitive area of 25 x 10 mm
2
 was used. In order to have 
information on the temperature development during the production process, two 
type K thermocouples – TC 1 and TC 2 indicated in Figure 6-12a – were also 
embedded close to the capacitive sensors. 
 
 
Figure 6-12. 3D concept drawing (a) and real component with embedded sensors (b) of the A380 hinge 
arm. 
 
Once the third layer was correctly positioned, the top mould insert was 
fixed in place as can be seen from Figure 6-13b. The fibre glass part exceeding the 
insert was bent 90° upwards for the top layer and 90° downwards for the bottom 
layer. Accordingly, also the sensor cables were bent 90° upwards and a last layer of 
glass fibre mat was positioned vertically to form the bottom flange.  
 
 
Figure 6-13. Preform preparation and sensors embedding step sequence for the A380 hinge arm. 
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A second mould insert was positioned against these vertical plies (Figure 
6-13c) and a third wedged insert was used in order to fill the mould cavity. The 
sensor cables were housed in a small resin channel (approximately 1.7 x 15 mm
2
) 
running along the mould top edge and forced through the mould resin outlet. The 
mould design allowed the cables to exit via an already existing hole, which was 
properly sealed with silicone to avoid any resin leakage during production, as well 
as to avoid any vacuum breaches which could cause voids in the part. Lastly, the 
upper mould lid was fixed and the mould was sealed. 
 
 
6.2.3 PRODUCTION MONITORING RESULTS 
 
 In this section, the results of the production monitoring for the A380 hinge 
arm are introduced.  
 
6.2.3.1 RESIN FLOW FRONT 
 
 As first information from the FBGs’ reading, the resin flow front from the 
injection phase is presented in Figure 6-14. For easiness of understanding, the 
reader is referred to Figure 6-13a, to recall the exact sensors location. The resin 
inlet was positioned on the farthest mould-end in the figure. A first occurrence in 
the strain measurements is observed at 2 minutes from the start of the acquisition. 
After about 10 minutes, FBG 5 (blue curve) experiences a sudden increase in strain. 
In sequence, all the other sensors see a similar change. The resin front is moving 
uniformly from the inlet towards the outlet. Due to the part geometry and the 
mould design, this is to be expected. As last, FBG 1 (black curve) is wet by the resin.  
 
 
Figure 6-14. OF strains during resin injection for the hinge arm RTM production. 
 
As additional confirmation, the temperature measurements are also 
synchronized with the FBG readings. The temperature increase due to the initial 
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resin preheating is however limited. What follows in the measurements is a general 
decrease of strain, probably due to cooling down of the resin. To be noticed is that 
all of the sensors are experiencing a similar trend. The valley observed at 
approximately 35 minutes could be due to the extra-pressure induced after 
clamping-off the resin outlet tube. After this, also the resin inlet tube was clamped 
and the pump switched-off. Accordingly, the extra-pressure gradually decreases 
bringing the strain back to zero. 
   
6.2.3.2 CURE MONITORING 
 
 This section will introduce the results related to the data acquired with the 
two capacitive sensors embedded at the two different locations in the A380 hinge 
arm, namely close to the inlet (Cap2) and close to the outlet (Cap1) of the mould.  
 
 
Figure 6-15. Capacitance (a) and dissipation factor (b) evolution during the RTM process of the A380 
hinge arm. 
 
The measurements were acquired at different frequencies ranging from 
100 Hz to 1 MHz. The most relevant frequencies for the capacitance and the 
dissipation factor during the curing and the oven post-curing are presented in 
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Figure 6-15 and Figure 6-16 respectively. Since the Proteus® Analysis software from 
Netzsch® did not allow retrieving the capacitance values, only the results for Cap1 
are here disclosed. During the curing process two distinct phenomena are 
occurring. As the resin starts off in a liquid state, free ions are moving into the 
media and there is movement of the dipoles. As the crosslinking reaction evolves, 
the network gets stronger and inhibits the dipole movements. The capacitance and 
the loss factor decrease accordingly. The curing process can be considered 
completed when both capacitance and loss factor reach an asymptote.  
 
 
Figure 6-16. Capacitance (a) and dissipation factor (b) evolution during the post-curing at 80°C for 8h in 
the oven for the A380 hinge arm. 
 
 The frequency dependency of the measurements is remarkable: generally, 
lower frequencies show higher sensitivity, but are more influenced by noise. 
Depending on the resin system and its curing kinetics, an optimal frequency could 
be selected. For the case here presented the optimal frequency was found to be      
10 kHz, as a good trade-off between noise and sensitivity. As it can be noticed from 
Figure 6-16, the resin’s dielectric properties show a temperature dependency (cf. 
Chapter 4, Section 4.3.3). In fact, during the heating stage in the oven post-curing a 
linear increase of both capacitance and dissipation factor is observed with the 
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increase of temperature. Shortly after the heating step (after 1 hour), a 
considerable increase of both signals is observed. This is directly connected to the 
amount of latent cure which is activated during the heating. This peak levels off to 
a constant value which then reflects the pure influence of temperature on the 
measurements. In addition, the increase exhibits a shift in time when higher 
frequencies are considered. The final values of both capacitance and dissipation 
factor after cooling down are comparable with the initial ones; lower frequencies 
show slightly higher values with respect to the initial, while higher frequencies 
show slightly lower values.  
 
The influence of noise on the measurements was rather limited for the 
post-curing compared to the curing process; this can be related with the ion 
diffusion and the dipole oscillation becoming limited as the resin further solidifies. 
The ion conductivity σ [S/cm] is often used to define the curing behaviour of a resin 
system, since it describes better its changes in physical properties (i.e., viscosity, 
degree of cure). As described in Chapter 3, the step from the loss factor to the ion 
conductivity can only be made under the condition that the contribution of the 
dipole relaxation to the loss factor is negligible (cf. section 3.2). This is verified 
when the ion conductivity curves overlap (no frequency influence) at least in the 
early curing stage. The selection of the optimal frequency is of importance to 
define a meaningful curing profile curve. Low frequencies are preferable at early 
curing stage, since typical dipole relaxation time is low, but low frequencies are 
more susceptible to electrode polarization effects occurring when the ion mobility 
is high. The ideal frequency should not be influenced by both dipole relaxation and 
electrode polarization [7],[8]. Furthermore, as the curing evolves, the ion mobility 
and dipole movements become restricted and therefore higher frequencies 
describe better the end-of-curing behaviour [9]. For this resin system, the optimal 
frequency was selected at 10 kHz. The conductivity was derived from the 
dissipation factor according to Eq. 7 (Chapter 3 section 3.2) and then normalized. 
The resulting curves of the two sensors (Cap 1 and Cap 2) are depicted in Figure 6-
17. As one can notice, a difference between the curve trends exists, even when the 
same frequency was considered. This is highlighted also in Figure 6-17b, Cap 1 (i.e., 
LCR meter measurements) where a sudden increase of the degree of cure is 
followed by an unexpected decrease, which does not have a physical meaning in 
terms of cure evolution. This might be due to the contribution given by the dipole 
losses ε
  at the early stage of curing, which needs to be subtracted when 
defining the degree of cure. Some resin systems can even contain a high level of 
ionic particles (additives or impurities), which will gather at the sensor electrodes. 
This will result in a much higher initial conductivity value. As a consequence, any 
dipolar loss peaks in the first stage of curing can be masked and left completely 
unnoticed. The same can occur if the sensor design is susceptible to ion 
polarization disturbances. On the other hand, an accurate readout apparatus and a 
good sensor design can allow for a more precise measurement of the capacitance 
and dissipation factor. This will highlight, if present, any peak related to the dipole 
relaxation as it is seen on the black curve in Figure 6-17b related to Cap1, which 
exhibits a peak at 5 hours from the beginning of the curing. The combination of the 
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in-house developed IDS sensor and of the accurate readout, allowed to capture 
more insights on the initial stage of curing.  
 
 
Figure 6-17. Evolution of the conductivity (normalized) and of the degree of cure (%) for the two 
capacitive sensors during the RTM curing process of the A380 hinge arm.  
 
It is worth remarking that all this information is not required for industrial 
production monitoring and, on the contrary, could result misleading. However, the 
later stage of curing is not affected by the aforementioned phenomenon, since the 
increased cross-linking limits the dipoles movement and the contribution of the ion 
conductivity ε	
  prevails. In fact, approximately 9 hours after the resin injection, 
the two curves start overlapping. After approximately 20 hours from the injection, 
one can observe a cure degree of about 98% and no further increase was captured 
afterwards. It is important to mention that the 100% degree of cure was defined 
for a 30 hours curing cycle at room temperature, but during the following post-
curing some additional reaction was noticed, as already reported in Figure 6-16. 
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6.2.3.3 RESIDUAL STRAIN MONITORING 
 
Spectra, as well as wavelength peak shifts were acquired throughout the 
curing and the oven post-curing. In Figure 6-18a and b, the full spectra acquired 
before and after curing and before and after post-curing are presented. For clarity, 
the two spectra were acquired once the mould was closed (so prior to the 
injection) and after 30 hours curing (before the demoulding).  
 
 
Figure 6-18. FBG spectra acquired during RTM production (a) and post-curing (b) of the A380 hinge arm. 
 
No peak distortion was observed, but in general a lower peak reflection 
could be seen after post-curing. This has nothing to do with a physical effect on the 
embedded sensors, but it is rather related to the two pieces of equipment used (cf. 
6.2.1.1). It is worth to mention that in spite of this, the accuracy of the 
measurements is not compromised. For completeness, the initial (i.e. before 
embedding) and the final (i.e. after post-curing) wavelength peak values λB of the 
OF are listed in Table 6-3. 
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Grating 
Initial λB 
(nm) 
Final λB 
(nm) 
FBG 1 1520.279 1518.165 
FBG 2 1524.255 1521.752 
FBG 3 1528.245 1525.915 
FBG 4 1532.262 1529.828 
FBG 5 1536.320 1534.467 
Table 6-3. FBG central wavelengths λB before and after production for the A380 hinge arm. 
 
 
 
Figure 6-19. Residual strains evolution during RTM production (a) and post-curing (b) of the A380 hinge 
arm. 
 
In Figure 6-19a and b, the strain development defined from Eq. 18, as 
described in Chapter 2 section 2.2.3, is represented for the curing and post-curing 
processes. As previously mentioned, the two-component resin was preheated at 
60°C prior to the infusion. By the time it reached the first thermocouple the resin 
had already cooled down considerably to 33°C, and when it reached the second 
one the temperature reading was 29°C. The first FBG sensor reached by the resin 
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was FBG 5, as noticed also by an increase of the temperature on TC2. Finally, FBG 1 
was wetted and after about 10 minutes the resin reached the outlet tubing.  
 
One can notice the vitrification stage (starting at 9 hours from the 
injection phase) accompanied by a resin chemical shrinkage, the latter inducing on 
FBG 1 and FBG 2 compressive strains up to approximately 100 µɛ. At the end of the 
vitrification (about 16 hours from the injection), the component started detaching 
from the mould and, as a consequence, a decrease of the strains leading to a quasi-
neutral condition can be noticed. The vitrification is also visible in Figure 6-15a, 
when the capacitance starts to decrease drastically at about 6 hours after the 
injection until about 16 hours when the curing becomes limited as a consequence 
of the reached glassy state. Only for FBG 2, the compressive strain is maintained. 
This could be related to the specific embedding location and to a local difference of 
the fibre volume fraction.  
 
After the demoulding and the post-curing in the oven at 80°C, a 
considerable shift in the wavelength of the reflected spectra is observed. Analysing 
Figure 6-19b, one can observe that thermal strains are initially induced during the 
heating-up of the component. But, at approximately 37°C, a release of strains (from 
750 µɛ to 250 µɛ) is seen. This temperature corresponds to the Tg of the resin 
system after curing at room temperature, as stated from the resin technical 
datasheet (33-37°C). Then follows a slower increase of strain to a peak value, which 
is indicating that some additional reaction is happening in the resin (also noticeable 
from the increase of temperature). Afterwards, the strain is maintained constant 
and upon cooling down to 27°C a compression strain up to -2000 µɛ is seen. It is to 
be noticed that FBG 1 and FBG 5 see a lower compression strain (namely -1450 µɛ 
and -1680 µɛ) compared to the other sensors. This could be related to their 
different orientation with respect to the other sensors. To prove this, the hinge arm 
was subjected to an additional temperature cycle and surface strains were 
measured by means of strain gauges. The results are introduced in the next section. 
 
 
6.2.4 THERMAL EXPANSION COEFFICIENT MEASUREMENTS 
 
 After production, the hinge arm was thermally cycled in an oven for two 
purposes: to verify that no latent curing reaction was left and to determine the 
Coefficients of Thermal Expansion (CTEs) of the composite material. The latter 
point was of importance because the building up of residual strains upon cooling 
down of the part is mainly governed by the thermal behaviour of the material. 
Particularly, since in Section 6.2.3.3 some of the FBGs measured a different residual 
strain than others (e.g. -1450 µɛ for FBG 1 versus -2000 µɛ for FBG 4), the purpose 
was to verify eventual anisotropy in the thermal behaviour of the laminate. In fact, 
different strains were observed for both sensors that were oriented differently (i.e. 
FBG 1 and FBG 5 cf. Figure 6-13a). In order to verify the correctness of the strain 
measured by the embedded FBG and to investigate if a difference in the strain 
profile exists through thickness of the laminate, externally applied Strain Gauges 
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(SG) were used. For both optical fibre sensors, namely FBG 4 (horizontal) and FBG 1 
(vertical), a SG was placed oriented in the direction of the FBG, as depicted in 
Figure 6-20. Thermally compensated SG type 1 LY-18-6/350 from HBM® GmbH 
(Darmstadt, Germany), with an α of 65.0 x 10
-6
 m/m°C were used. The whole data 
treatment to derive the thermal strains is here omitted, but the reader is referred 
to the technical note of the manufacturer and to the ASTM E0831 standard on the 
linear thermal expansion coefficient determination of solid materials for a 
comprehensive explanation [10]. A type K thermocouple was positioned close to 
each SG in order to have precise information about the temperature on the 
surface. In the same way, the temperature inside the laminate was measured with 
the thermocouple embedded during the hinge arm production.  
 
 
Figure 6-20. Hinge arm, instrumented with two HBM 1 LY-18-6/350 strain gauges designed for thermal 
strain measurements.  
 
 A limited thermal hysteresis was observed during the transients. The 
control arm was placed into the oven only after the latter was preheated at 70°C 
for 2 hours. This because the heating should be fast and not be influenced by the 
oven behaviour, since the purpose of the test is measuring the thermal properties 
of the material. Measurements were already started during the fast heating from 
20 to 70 °C. The part was kept in the oven until it reached a stable temperature of 
70°C and then removed from it and let cool down to room temperature (i.e. quick 
cool-down from 70 to 20°C). In Figure 6-21a, the strains measured during the test 
by the FBGs and the SGs are presented. In Figure 6-21b, the strain during the cool-
down is plotted versus the temperature and the slope of each curve, which 
represents the linear CTE, was derived. 
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Figure 6-21. Temperature cycle test on the hinge arm in order to define the coefficient of thermal 
expansion of the chopped E-glass/epoxy material. 
 
 The results, for both heating-up and cooling-down, are summarized in 
Table 6-4.  
 
Test 
CTE α11 CTE α22 
FBG 1 SG 2 FBG 4 SG 1 
(10
-6
 m/m K
-1
) (10
-6
 m/m K
-1
) 
heating 35-65°C 41.39 42.54 35.88 39.64 
cooling 65-35°C 38.56 39.15 43.47 43.89 
 
Table 6-4. CTEs values derived from the FBGs and the SGs during the temperature cycle on the hinge 
arm.  
 
Given the scatter on the measurements, a value of approximately 41.3 x 
10
-6
 K
-1
 could be defined for both α11 and α22. Such CTE value would explain the 
amount of residual strain measured during the post-curing. These results are in 
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accordance with values found in literature for E-glass chopped fibre/epoxy [11]. 
However, this does not fully explain the different values of residual strains 
measured on the different FBGs.  
 
 It is worth to mention that during this temperature cycle no additional 
residual strains were generated upon cooling-down and the only effect was given 
by the thermal strains. This is in accordance with the resin technical datasheet 
which set the new Tg after post-curing to 80-84°C [6]. In other words, the heating 
to 70°C cannot induce any change in the material status. 
 
 
6.3 CONCLUSIONS 
 
 In this Chapter, the sensing technologies introduced in Chapter 2 and 
Chapter 3 have been employed for the purpose of performing production 
monitoring experiments on two real industrial components produced by RTM. 
Particularly, two composite parts were manufactured: an automotive rear 
suspension control arm and the hinge arm of the droop nose mechanism on the 
Airbus A380 wing leading edge. To the author's best knowledge, this is the first 
time that optical fibre sensors were integrated in real RTM industrial moulds. In 
both production monitoring tests, this was achieved without even requiring any 
changes to the mould geometry or to the components’ design. 
 
In the automotive part, two optical fibre lines were embedded in the 
preform consisting of a PET foam core reinforced with carbon fibres. The FBGs 
were capable of detecting the increase of temperature and of pressure inside the 
mould, as well as the resin filling. However, the information obtained from the 
process were rather limited and lacked of a quantitative definition of the residual 
strain. Therefore, in the hinge arm, a multi-sensor approach was adopted: the 
feasibility of successfully embedding a network based on FBGs, capacitive sensors 
and thermocouples in the composite preform was proved. No similar attempts 
could be found in literature. 
 
An innovative fibre egress for integration in RTM composite parts was 
designed. This research proved that the sensor’s embedding strategy allowed to 
successfully demould the produced parts without damaging the small optical fibre 
lines. This has never been addressed before in literature.  
 
The production processes were monitored throughout the RTM injection 
and curing phases. After demoulding, the same parts were post-cured in an oven 
and measurements were acquired. During the post-curing process, the FBG sensors 
were useful to evaluate the amount of residual strains build-up due to the thermal 
deformation. Values up to -2000 µɛ have been measured upon cooling of the A380 
hinge arm. This is to be expected, since the fibre volume fraction of the preform 
was kept intentionally low in order to have higher resin content. Therefore the 
shrinkage is mainly dominated by the resin thermal contraction. These relatively 
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high strains were obtained for a rather small component. However, one should 
think at what  could be obtained when applying this monitoring technique to much 
larger composite parts e.g. boat hulls, storage tanks or wind turbine blades. Due to 
the larger dimensions and difference in laminate thicknesses much larger 
deformations can be expected.  
 
The capacitive sensors have been capable of successfully following up the 
curing and post-curing cycle of the A380 hinge arm. A degree of cure curve was 
derived from both sensors. In the initial part of the two curves, a different 
behaviour has been observed for the in-house developed capacitive sensor (Cap1). 
This was ascribed to the “polarization effect”, caused by electrical charges 
depositing on the sensor electrodes. Compensation techniques to remove this 
effect exist in literature [7],[8]. However, these are often cumbersome and require 
a deep knowledge of the kinetics of the reaction.      
 
Moreover, the results contained in this chapter proved that the sensor 
technologies can be combined and used as an in-situ technique for production 
monitoring. A lot of potential is foreseen, especially for the capacitive sensor 
network. Thanks to its relatively low cost, it could be used as a one-time disposable 
network. The hinge arm was cured in a relatively massive conductive metallic 
mould. One cannot expect large differences in temperature and/or cure degree in 
this case. However, larger structures which are cured in non-metallic moulds and 
heated locally e.g. wind turbine blades, might show large difference in the cure 
behaviour from point-to-point in the part. Therefore, the importance of such a 
monitoring technique becomes evident. 
 
After production, the FBG sensor network was also used to perform 
dynamic measurements for modal analysis investigations. The first Eigen 
frequencies of both components were measured with an innovative FBG peak 
tracking algorithm and compared to the one obtained with a Laser Doppler 
Vibrometer. These modal analysis results were obtained via embedded FBGs and 
reported in Lamberti et al. [12].    
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7 
POLYMER WAVEGUIDE SENSORS 
EMBEDDED IN COMPOSITES 
 
 
 
 
 
 A new type of optical sensor based on Bragg Grating technology is here 
introduced. Better known as Polymer Waveguide (PWG), this polymer foil based 
sensor presents some advantages over conventional silica optical fibres. First, these 
advantages and the motivations which steered the sensor design are discussed. Its 
basic working principle and the manufacturing techniques used to produce the 
waveguides and to inscribe the grating are reported. Two main challenges are 
tackled: on one hand the sensor fabrication and specifically the feasibility of 
imprinting a grating in a waveguide structure and, on the other hand, proving the 
possibility to successfully embed the sensor into composite laminates. The first 
point is out of the scope of this dissertation, therefore only the latest sensor 
development is introduced. A detailed description of these aspects can be found in 
the PhD dissertation of Teigell Benéitez [1]. Instead, the focus is here put on the 
optimization of the sensor/composite embedding process, in order to avoid 
unwanted situations such as sensor distortion, or composite damage.  A first set of 
variables (PWG materials and composite production variables) has been considered 
in order to select the best “PWG/composite match”. Because of the intimate 
connection existing between the sensor features and the final embedding result, a 
more thoughtful explanation on the influence of the sensor manufacturing 
parameters is given. Different mechanical tests have then been performed on 
composite laminates with embedded PWG foils. Different failure mechanisms of 
the PWG/composite interface are taken into account. Accordingly, the 
sensor/composite interface adhesion was further improved. In the last section of 
this Chapter, results on the sensor characterization with respect to its response to 
temperature and strain are disclosed. Both cases of a surface mounted and 
embedded sensor foil are discussed.        
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7.1 INTRODUCTION 
 
 Polymer waveguide technology is developed as a means to apply printed 
circuit board-level optical interconnects in high-end computing systems. 
Waveguides offer important complementary advantages over optical fibres for 
board-level optical interconnects such as integrated processing, simplified handling 
and assembly [2]. Therefore, optical waveguides are key components for short 
optical links. A Polymer Wave Guided (PWG) is a channel made of a high refractive 
index material (core), which is surrounded with a lower refractive index material 
(cladding). More channels are usually added next to each other and two layers of 
lower refracting index material are used to enclose the waveguides (under and 
upper cladding). Additionally, also an extra layer of a stiffer polymer is used to coat 
each side of the stacking. So far, the described structure does not have any sensing 
functionality, since it misses the sensing unit. In order to complete the sensor, a 
grating needs to be added at the location where the polymer waveguide is 
developed. Normally the grating is realized prior to the application of the upper-
cladding layer by means of either a mechanical imprinting or a laser inscription 
method. This will be discussed more in detail in Section 7.2. 
 
As defined in the introduction, PWG sensors were developed in order to 
be embedded in composite laminates. To accomplish this task, two well-defined 
composite production processes have been selected. At Ghent University, the 
Mechanics of Materials and Structures research group (UGent-MMC) owns several 
lab-scale composite production facilities. Amongst them, the autoclave production 
process (i.e. for high-end produced parts) and the Vacuum Assisted Resin Infusion 
process VARI (i.e. larger and more generic part production) to which we will refer 
further on as “infusion process” were chosen. In the autoclave process, the 
composite laminate is placed in a pressurized chamber and is subjected to a 
temperature and a pressure profile according to the curing rheology of the 
composite resin (cf. chapter 3 and 4). In addition, with the aim of what is known as 
“vacuum bagging technique”, vacuum is created around the laminate in order to 
improve the compaction of its layers. The infusion process uses a more flexible set-
up in which a lower mould serves as support reproducing the geometry of the 
composite laminate that will be produced. A vacuum bag is then created around 
the composite part, in this case a dry fibre preform, and a low-viscosity resin is 
sucked into the bagging by means of applied vacuum. In this case, no external 
pressure or temperature is usually applied during the process. Once that the dry 
fibres are fully impregnated by the resin, the process can be stopped and the resin 
will follow its curing cycle prior to demoulding. This process presents some 
advantages over the autoclave that makes it more suitable for cheaper part 
production of larger dimension. Conversely, one cannot expect to achieve the same 
quality and strength as from a part manufactured by an autoclave process.  
  
During the embedding optimization task (Section 7.3), both production 
processes, as well as different PWG material combinations have been considered. 
In order to prove the functionality of embedded PWG sensors, a good embedding 
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quality and repeatability of the process has to be achieved. Due to the different 
nature of sensor and composite materials (i.e. mainly difference in stiffness and in 
thermal expansion coefficients), a discontinuity in the stress field is induced. If this 
difference is large, pronounced sensor waviness will result during the laminate 
curing. In the worst case, this will turn into a delamination of the sensor/composite 
interface or even damage the sensor. By adjusting the composite process 
parameters, this can be avoided. However, questions still arise on the adhesion 
strength of the sensor/composite interface. In order to investigate this aspect, 
mechanical testing of laminates with embedded PWG structures has been 
performed. It is worth noticing that for some of the results disclosed in the 
mechanical testing section (Section 7.4), the embedded PWGs had no waveguides 
patterned. In fact, for time saving reasons this step was omitted from production, 
since the purpose was testing the interfacial strength of the outer cladding layer 
with the surrounding composite. The embedded sensor can then be characterized 
versus strain and temperature, provided that a positive feedback results from the 
mechanical testing. Due to the high risk of the tasks introduced above, the solution 
which considers a surface mounted sensor approach has also been considered and 
the results on the sensor characterization are provided accordingly. First, an 
overview on the basic working principle of PWG sensors, its manufacturing steps, 
and the grating inscription technique developed within the SSC project is provided. 
 
 
7.2 SENSOR MANUFACTURING 
 
 Multimode waveguides, typically 50 × 50 μm
2
 in cross-section, are 
extensively documented in literature and standard processes for fabricating them 
using various combinations of optical materials exist [3]. They allow rather easy 
coupling with light sources and detectors owing to their relatively large dimensions. 
On the contrary, they are not really suitable for Bragg grating based sensing, due to 
the presence of a large number of optical modes propagating in the waveguide, 
which makes the properties of such waveguides difficult to control. The focus of 
UGent-CMST (Centre for Microsystems Technology) within SSC was to further 
develop the current technologies for fabricating waveguides of smaller cross-
section and obtain single mode waveguides suited for grating inscription. In fact, at 
the end of the project single mode sensor foils with PWG cross-sections of 5 × 5 
μm
2
 were produced [4]. This proved sufficient to produce sensing gratings. To 
obtain a sufficiently thin sensing patch on a flexible substrate, a method was 
developed to release thin polymer layers, after they have been fabricated on a rigid 
carrier. The use of a rigid carrier allows using the standard available fabrication 
processes (for rigid substrates) and therefore ensures precise fabrication of 
micrometre waveguide structures. In Figure 7-1, a schematic of such a typical PWG 
construction can be found. 
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Figure 7-1. Schematic of a typical PWG construction and manufacturing process. 
 
The manufacturing process can be described as follows: 
 
- For the rigid carrier, a glass substrate (0.7mm x 5cm x 5cm) was used. 
- First, a 5 µm layer of polyimide (PI2611, HD Microsystems) was applied on the 
glass substrate using spin-coating and subsequent thermal curing. This layer 
acts as a release layer: it has sufficient adhesion to the glass and to the 
subsequently applied polymer layers during the fabrication process, but can 
also easily be released from the glass afterwards, by water immersion. 
- Second, the polymer waveguide stack is applied. Typically, there will be an 
under-cladding layer, a waveguide core layer, the sensing structures and an 
upper-cladding layer covering the waveguide structures. 
- After fabricating the waveguide stack, a CO2 laser is used to cut-out the 
polymer stack.  
- Finally, the complete stack can be peeled off from the glass substrate and the 
thin polyimide layer can be removed from the polymer waveguide stack 
resulting in a freestanding foil. 
 
The waveguide design was optimized to operate around 1550 nm wavelength, as 
most telecom applications [4]. For a certain index contrast, there is a corresponding 
maximum core size for single mode operation and the higher this index contrast, 
the smaller the single-mode core size. Common clad/core combinations of optical 
materials are suggested by the supplier based on the materials refractive indices. 
Process compatibility is also among the requirements for successfully developing 
single mode waveguides. EpoCore [5] and EpoClad [6] epoxy based materials were 
respectively used as core and clad. Similarly, OrmoCore [7] and OrmoClad [8] 
organically modified ceramic materials were paired. Alternatively, the OrmoClad 
was substituted by the OG-142 [9] as a cladding material. LightLink
TM
 (core) [10] 
and LightLink
TM
 (cladding) [11] silicon based materials were also considered. Based 
on their refractive index difference, the maximum allowed single-mode core size 
for the OrmoCore/OrmoClad and LightLink(core)/LightLink(clad) waveguides were 
about 4 µm and 3.8 µm, respectively. For the EpoCore/EpoClad combination, the 
waveguide size was 5 µm. Before depositing the waveguide layers, the glass 
substrate was cleaned thoroughly and dried for 20 minutes on a hotplate at 120°C. 
Since the foils needed to be released from the substrate, a release layer material 
(i.e. PI2611 or PI2525) was applied first. A uniform cladding layer was deposited by 
means of spin coating and subsequently soft baked on a hotplate. Then the core 
layer was spin coated. Direct Write Lithography (DWL) was used to pattern the 
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waveguides. This consists in exposing the core material to UV light using a scanner 
laser reproducing the desired waveguide geometry. The DWL process was 
optimized by writing waveguides at different intensities and defocusing values, so 
to determine the parameters at which the waveguide width matches the design 
itself. Table 7-1 gives an overview of the waveguide processing parameters for 
some of the materials mentioned above. 
 
Process Step 
LightLink 
(cladding) 
LightLink  
(core) 
EpoCore  
(core) 
OrmoClad 
(cladding) 
Soft bake 
15 min  
@ 90°C 
30 min  
@ 90°C 
2 min @50°C 
+ 
4 min @90°C 
4 min @80°C 
UV exposure 
2 min 
exposure 
DWL processing 
DWL 
processing 
2 min 
exposure 
Post 
exposure 
bake  
10 min  
@ 90°C 
10 min  
@ 90°C 
3 min @ 50°C 
+ 
5 min @ 90°C 
2 min  
@ 80°C 
Development  
20 sec in 
LightLink 
developer  
1 min in mr-
Dev 600  
 
Hard bake 
90 min  
@ 150°C 
90 min  
@ 150°C 
15 min  
@ 120°C 
90 min  
@ 150°C 
 
Table 7-1. A summary of the process parameters for different waveguide materials. 
 
 Waveguides of different cross-sectional size were fabricated. First, a 20 × 
20 μm
2
 size was produce to optimize the process parameter, then smaller 
waveguides 5 × 5 μm
2
 were produced to test their single mode behaviour. A top 
view of the different waveguides fabricated is shown in Figure 7-2. Scanning 
Electron Microscope (SEM) images of EpoCore patterned waveguides of 3 µm 
thickness and width ranging from 1 to 5 µm are shown. Furthermore, cross 
sectional views of other waveguide arrays of the EpoCore and of the LightLink core 
materials on an FR4 substrate are depicted. 
 
Different technologies were assessed by the UGent-CMST SSC project 
partners for fabricating grating structures, which can be integrated with polymer 
waveguides. Ideally, the chosen technology should also be compatible with future 
low-cost fabrication processes. E-beam lithography (i.e. direct writing) which is 
commonly used for fabricating very precise grating structures was therefore not 
considered. However, two other technologies proved to be very useful, i.e. (i) 
interference lithography and (ii) nanoimprinting. (i) Interference lithography 
employs two interfering beams of (UV) light to generate an interference pattern 
with a certain pitch. This pattern is then used to illuminate a photosensitive 
material, creating a pattern with the same pitch. The pattern can be present as a 
volume grating or as surface relief structure. In case of a volume grating, the UV 
pattern generates a periodic refractive index pattern in the photosensitive material 
(i.e. similarly to the Bragg gratings created in an optical fibre). In case of a surface 
relief grating, the photosensitive material is patterned during exposure forming 
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corrugations on the surface. The advantage of the last approach is that these 
corrugations can be transferred, i.e. the photosensitive material should not 
necessarily be the same as the material in which the grating is fabricated. 
  
 
Figure 7-2. (a) Top view of a waveguides with different size (b) cross-section of an EpoCore waveguide 
and (c) cross-section of a LightLink waveguide. 
 
 (ii) Nanoimprinting uses a mould exhibiting the required grating 
structures, which is pressed into a pre-coated layer of material. Once the mould 
with the required dimensions is fabricated, it can be replicated many times, leading 
to a cost-effective process. The two different grating fabrication approaches were 
investigated and both did lead to suitable sensing structures. Nanoimprinting was 
found to yield the simplest fabrication process and most reproducible grating 
structures. For adding grating structures to waveguides, two main methods can be 
used: inscribing a periodic index variation inside the waveguide core, or patterning 
surface relief structures at the core/cladding interface. The second one is 
illustrated in Figure 7-3. A grating was applied in the lower cladding layer (e.g. 
EpoClad) and then the waveguide core structures (e.g. EpoCore) were defined on 
top. The fabrication of the waveguide core is performed using DWL as described in 
Section 7.2. A 5 × 5 μm
2
 single mode waveguide was patterned on top of a grating 
structure in the lower cladding layer. The presence of the grating structures below 
the waveguide core did not have a negative effect on the fabrication of the core 
using laser direct imaging, proving the compatibility of both fabrication processes. 
CHAPTER 7: POLYMER WAVEGUIDE SENSORS EMBEDDED IN COMPOSITES  
 
 
215 
 
Figure 7-3. Schematic of the process for adding grating structures to polymer waveguides. 
 
 The PWG fabrication and grating optimization tasks were performed in 
parallel to the embedding optimization. This was necessary because of the long 
time required by both research activities, and for the fact that a close relationship 
existed between the two. Hereafter, the embedding optimization and the 
mechanical characterization of the sensor/composite interface will be discussed.      
 
 
7.3 SENSOR EMBEDDING BEHAVIOUR 
 
 When embedding a PWG layered structure in a composite material, the 
induced thermo-chemical stresses along with imposed pressure or vacuum during 
the production process can lead to a distortion of the PWG layers as well as to the 
deformation of the waveguides in the core layer. As a consequence, this will affect 
the light which will be guided inside the waveguides, resulting in higher losses or 
light mode shape changes. In the worst case scenario these distortions may lead to 
damages in the composite. These conditions should be obviously avoided. For this 
purpose, a good combination of materials and/or production process parameters 
should be selected. Several PWG with different combinations of materials have 
been embedded in unidirectional (UD) carbon fibre laminates produced by 
autoclave, as well as glass fibre laminates obtained by resin infusion. Additionally, 
cross-ply CFRP laminates with embedded PWG have been manufactured. Optical 
microscopy investigation has been used to analyse the laminate cross-sections. The 
results are discussed in the following. Optical loss measurements have been 
performed on a selected PWG system which showed the most promising 
embedding results. The measurements revealed similar propagation loss as 
compared to non-embedded PWGs, which allows concluding that there is no 
influence on the optical performance of embedded PWGs. A first overview on the 
materials available for the embedding is given in the next section. 
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7.3.1 MATERIAL IDENTIFICATION 
 
 In order to have an overview on the complexity of the problem, in first 
instance it is necessary to define the overall number of variables that could have an 
influence on the embedding.  
 
7.3.1.1 POLYMER WAVEGUIDE SYSTEMS 
 
 As described in the introduction, a PWG system consists of a core layer 
enclosed by two cladding layers. Normally, the material supplier suggests already 
possible material combinations and procedures to follow during the production. 
Three different categories of materials were considered in this optimization. A 
substrate layer is required in order to allow the releasing of the sensor after 
production. After releasing, often the PWG edges tend to curl due to the residual 
stresses present in the sensor layers (consequence of the soft-bake and hard-bake 
production steps). Different release layer materials were considered in order to see 
their influence on this curling and hopefully reducing it. Both release layers were 
polyimide (PI) based materials, the PI2525 and PI2611 which allowed the release in 
demineralized water. No substantial difference was observed. A wide range of PWG 
systems were provided in three production batches by UGent-CMST during the first 
stage of the project. In Table 7-2, an overview of the features of each batch is 
provided.  
 
 
PWG layer  
combination 
Release  
layer 
Total thickness 
(µm) 
1
st
  batch 
EpoClad/EpoCore/EpoClad 
PI2525 
PI2611 
90 
Ormoclad/Ormocore/Ormoclad 105 
LightLink Clad/ LightLink Core/ LightLink Clad 140 
2
nd
  batch 
Ormocore/DWL-Epo1XP/Ormocore 
PI2611 
75 
OG-142/DWL-Epo5XP/OG-142 105 
EpoClad/EpoCore/EpoClad 180 
3
rd
  batch 
EpoClad/EpoCore/EpoClad 
PI2611 
45 
EpoClad/EpoCore/EpoClad 105 
 
Table 7-2. PWG systems developed by UGent-CMST available for the embedding optimization. 
 
 The EpoCore, EpoClad and Epotek OG-142 are epoxy based polymers with 
similar composition of the epoxy resin used in composite production, but different 
optical properties. Ormocore, Ormoclad are Ormocer (i.e. organic modified 
ceramic) based materials which exhibit lower stiffness and higher thermal 
expansion compared to epoxy based materials. Lightlink Clad and Lightlink Core are 
siloxane based materials having significantly lower stiffness and higher strain to 
failure. The latter material was only available for the manufacturing of the first 
PWG batch, due to supply issues. In Table 7-3, an overview of the elastic and 
thermal properties of interest for some of the material types used in this research 
are listed. 
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material 
E 
(GPa) 
ε 
(%) 
UTS 
(MPa) 
CTE (20-100°C) 
(10
-6
 K
-1
) 
EpoCore [12] 2.4 1.6 46 87 
EpoClad [13] 2.2 2.3 43 87 
Ormocore [14]  0.86 2.5 12 100-130 
Ormoclad [15] ≈0.5 - - 100-130 
 
Table 7-3. The elastic and thermal properties for some of the PWG based materials. 
 
 The PWG overall thickness resulted from the cladding/core/cladding 
combination selected and the specific manufacturing parameters of each polymer 
layer. However, for the third batch once that the material system was defined, two 
different thicknesses were considered (Table 7-2). Specifically, the thinner stacking 
had smaller waveguide dimension and was therefore representative for a single 
mode PWG, while the thicker having larger waveguide areas had multimode 
behaviour. It has to be noticed that the dimensions of the PWG foils were limited 
by the size of the glass carrier used during their manufacturing. The maximum 
available surface was 50 x 40 mm
2
. Therefore, the single PWG sample had an area 
of about 40 x 15 mm
2
 after laser cut-out and release.  
 
7.3.1.2 COMPOSITE MATERIALS 
  
 As already asserted in the introduction, two distinct production processes 
were employed: the autoclave and the resin infusion. An M10R/UD300–38% UD 
carbon fibre prepreg material from Hexcel® (Stamford, Connecticut, USA) was used 
in the autoclave process [16]. The material has been selected for its versatile curing 
cycle, which allows curing the composite in a wide range of temperatures between 
85 and 150 °C and with a process curing time between 16 hours and 10 minutes, 
respectively. In addition to this, the sensor placement was facilitated by the 
tackiness of the “gelly-like” resin and by the smoothness of the prepreg layers. 
Conversely, the pressure and temperature involved in the curing process, might 
adversely affect the result of embedding. This will be disclosed in the next section. 
In Table 7-4, the mechanical and thermal properties of a reference M10R/UD300–
38% UD laminate are proposed [17]. 
 
E1 
(GPa) 
E2=E3  
(GPa) 
ⱱ12=ⱱ13 ⱱ21 ⱱ23 
G12 
(GPa) 
G23 
(GPa) 
CTE α1 
(10
-6
 K
-1
) 
CTE α2 
(10
-6
 K
-1
) 
125 7 0.3 0.016 0.39 3.2 2.52 -3 47 
 
Table 7-4. Mechanical and thermal properties of the M10R/UD300–38% carbon fibre prepreg [16]. 
 
The material system selected for the infusion process consisted of the dry 
UD glass fibre UDO ES 500 from SGL Technologies GmbH (Wiesbaden, Germany) 
impregnated with a two component epoxy resin system [18]. Specifically, the 
EPIKOTE MGS RIMR 135 resin and the EPIKURE MGS RIMH 137 hardener from 
Momentive® (Waterford, NY, USA), introduced in Chapter 4 were used [19]. In this 
case, the resin was first mixed with the hardener in the specified weight ratio of 
100:30 and then injected in the vacuum bag, thus impregnating the dry fibres. This 
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resin system requires a room temperature curing of 24 hours followed by a 15 
hours oven post-curing at 80°C. Due to the fibre architecture, the stitching fibres 
which are used to tie together the unidirectional reinforcement had to be removed 
at the PWG embedding location, in order to minimize the distortion. It is worth to 
mention that whereas for the GFRP only a UD layup has been considered, for the 
CFRP both a UD and cross-ply laminate with embedded PWG were manufactured. 
In the following, a first introduction on the basics of the autoclave process and the 
embedding procedure for the CFRP laminates is proposed. Shortly after, the optical 
microscopy images for each sample cross-section after embedding are presented. 
 
7.3.2 EMBEDDING IN CFRP 
 
 The curing cycle for the M10R/UD300–38% carbon fibre prepreg suggests 
a 1 °C/min heating profile with a dwell-step at 85°C followed by a further heating to 
the curing temperature of 120°C. This temperature is maintained for 60 minutes 
after which a natural cooling to room temperature follows. Throughout the process 
an initial pressure of 2 bar is applied in the autoclave chamber and is then 
increased to 5 bar when the temperature has reached its maximum.  
 
 
Figure 7-4. (a) Autoclave facility available at UGent MMC, (b) PWG systems after releasing – notice the 
curling induced due to thermal stresses – (c) reference mask used to keep track of the PWG embedding 
location and (d) laying of the PWG foils onto the CFRP prepreg layers. 
 
This is commonly done, because of the expected minimum of the resin 
viscosity at this point and therefore increasing the pressure will result in higher 
fibre volume fractions. A vacuum of -0.85 bar is applied on the laminate throughout 
the whole process, this in order to remove any possible air voids trapped in the 
laminate. In Figure 7-4a, one can see the autoclave setup available at UGent-MMC. 
An issue which had to be faced during the PWG placement was keeping track of 
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their position after manufacturing. To overcome this, a paper mask was used as 
reference during the PWGs placement and the position of the mask corners was 
marked with some Kapton® tape. The mask was then removed after placing the 
PWGs, while the small tape strips were embedded in the laminate, as can be seen 
from Figure 7-4c. After production, the paper mask was overlapped to the tape 
strips and the exact PWG position was traced back and marked prior to cutting. It is 
worth noticing that the PWG foils were aligned with the unidirectional 
reinforcement, being the longer side parallel to the carbon fibres. The samples 
were cut from the laminate at the locations where the PWG was marked. Their 
dimensions were slightly exceeding the PWG size (40 x 20 mm
2
) in order to avoid 
damaging the composite/sensor surrounding, due to the cutting itself. The shortest 
end-faces were then polished for optical microscopy investigation. Pictures were 
taken at different magnifications and are reported in the following.   
 
7.3.2.1 STANDARD CURING TEMPERATURE, 120°C 
 
 As first, a (0)4 UD laminate 250 x 80 mm
2
 in size and an overall thickness of 
1 mm was produced. The PWGs were embedded in between the second and third 
layer. The curing cycle described in 7.3.2 was used. In Figure 7-5, the images from 
the polished cross-sections are presented for each PWG system. As already 
mentioned, two different polyimide based PWG release films were used. These 
were combined with the three different PWG systems described in 7.3.1.1. 
Concerning the sample labelling, LL refers to the LightLink® based, Epo to Epoxy 
based and Ormo to the Ormocer® based PWG systems. In the middle of each cross-
section, the PWG layer is clearly visible. All around, the four layers of UD fibres are 
displayed. Figure 7-5b has a higher magnification which allows seeing the 
reinforcing fibres in lighter grayscale, whilst in darker the surrounding resin. To a 
certain extent, some waviness of the PWG layer is observed for all of the samples. 
The worst embedding result in terms of sensor obtrusion is obtained for sample 16 
(Figure 7-5f – Ormocore/Ormoclad PWG system with PI2611), where a 
delamination has developed at the sensor/composite interface. Even further, the 
delamination extends into the PWG and the clad/core interface is opened. On the 
other hand, looking closely at the LightLink® PWG systems (Figure 7-5a and d), the 
waveguides show a poorly defined shape. This might be due to the compaction of 
the composite layers from production, or because of the poor PWG production 
tolerances. The LightLink material was therefore discarded. From this first analysis, 
both Epo-based and Ormo-based were selected. Concerning the substrates, the 
PI2611 was chosen for further production, since no significant advantage was 
observed for one of the two polyimide materials. 
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Figure 7-5. Optical microscopy images from the cross-sections on the (0)4 CFRP samples: in the middle of 
the cross-section, the PWG layer is clearly distinguishable in darker grayscale. 
 
 The second layup considered was a (90,0)2s cross-ply, with a total of 8 
layers and an overall thickness of 2.2 mm. The PWG systems as described above 
were embedded in the mid-plane, using the same precaution as for the embedding 
in the UD laminate. In Figure 7-6, the images from the polished cross-sections are 
presented for each sample. The results are disappointing: larger distortions than 
for the UD laminate can be observed. In addition, also relevant damage both at the 
sensor/composite and at the core/clad interface is present. These delaminations 
could arise from the difference in thermal expansion coefficients (as already 
discussed in Chapter 5) between the composite and the PWG layer. Therefore, in 
order to improve the embedding result, the curing cycle was modified to a lower 
curing temperature. 
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Figure 7-6. Optical microscopy images from the cross-sections of the (90,0)2s CFRP samples. One can 
distinguish the 0° oriented layers from the 90° oriented ones. On the mid-section, the PWGs show 
relevant waviness and in some cases important delaminations.  
 
 
7.3.2.2 LOWER CURING TEMPERATURE, 85°C  
 
 A second batch of PWGs has been embedded as well in both UD and cross-
ply CFRP laminates. The details of the PWG systems are reported in Table 7-2. In 
this case, the curing temperature was lowered to 85 °C with a consequent increase 
in curing time to 16 hours. All the other process parameters and material layup 
were not changed. Six samples were cut out of the two laminates and prepared for 
optical microscopy. Magnifications between 5X and 20X were selected in order to 
investigate closely the quality of the embedding. Particular care was taken in order 
not to induce any additional damage during the sample cutting and polishing. 
Results are reported in Figure 7-7 for both UD and cross-ply laminates. For reason 
of conciseness, only a selection of images is shown, but the reader is referred to 
Equisetto [20] for more info.  As for the first batch, the sample labelling is as 
follows: Ormo refers to the Ormocore/DWL-Epo1XP/Ormocore based stacking, 
OG142 for the OG142/DWL-Epo5XP/OG142 and Epo for the EpoClad/EpoCore/ 
EpoClad. For this test, no waveguides were patterned in the core layer. The core 
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layer thickness is intentionally kept low (approximately 10 µm) because of the 
intention of developing a single mode PWG sensor (i.e. smaller waveguide 
structure). Compared to the first batch, this new embedding trial clearly shows an 
appreciable improvement for both waviness and integrity. No damage was 
observed for any of the samples and all of the sensor/composite interfaces 
appeared intact. X-ray non-destructive investigations were also performed on the 
samples, prior to cross-section polishing. The results are not enclosed. No cracks or 
delaminations were highlighted. However, it is worth mentioning that due to the 
similar nature of the PWG polymer and of the composite, the contrast in the scan 
between the two materials was not optimal and therefore the sharpness of the 
image is low (cf. 5.1 in Chapter 5). In any case, if an air gap or delamination of 10-15 
µm was present in the scans, it would have been visible. For the OG142-based 
samples optical microscopy images (Figure 7-7b), it is worth noticing that the 
sensor/composite interface cannot be distinguished in some regions. This suggests 
that the two materials have merged together. The flatness of all the PWG systems 
embedded in the UD laminate was again confirmed.   
 
 
Figure 7-7. Optical microscopy images from the cross-sections on both (0)8 and (90,0)2s CFRP samples 
cured at lower temperature. Three different PWG material systems from the second batch were 
embedded. In general the results show a better quality in terms of waviness and delaminations were 
observed.   
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This is less the case for the PWG embedded in the cross-ply laminate where still 
some waviness is observed especially for sample 3 (Figure 7-7d). Of course this 
might be also due to the lower thickness of this Ormo-based system (75 µm) 
compared to the OG142 (105 µm) or the Epo (180 µm) which inevitably gives less 
in-plane stiffness. Therefore, it was decided to produce a third batch with the 
EpoClad/EpoCore/EpoClad stacking. Two different thicknesses were considered, 
namely 45 and 105 µm. In order to match the requirement of developing a single 
mode waveguide, the core layer had a 5 µm thickness. This manufacturing 
challenge was successfully achieved. Two PWGs were embedded in a (0)8 CFRP 
laminate. Results of the optical microscopy investigation are presented in Figure 7-
8 for both thicknesses. Again, from the images neither cracks nor delaminations 
can be found. The flatness of the PWG layers is remarkable, especially in the case of 
the 105 µm thick foils. This can be considered an optimal embedding result. For 
completeness, also the faces along the PWG longest dimension were polished and 
investigated under the microscope. Results did not highlight waviness or cracks and 
therefore, for reasons of conciseness, are not shown here. 
 
 
Figure 7-8. Optical microscopy images taken from the cross-sections on (0)8 CFRP samples cured at 
lower temperature. Two thicknesses of 45 and 105 µm for an EpoClad/EpoCore/EpoClad PWG stacking 
are considered.   
 
 Next, the result of embedding the same PWG system of the third batch in 
GFRP is considered.    
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7.3.3  EMBEDDING IN GFRP 
 
 A (0)16 GFRP laminate of approximately 200 x 400 mm
2
 was produced. In 
its mid-plane EpoClad/EpoCore/EpoClad PWG stacks of two thicknesses, namely 45 
and 105 µm were embedded. Two aspects of the embedding process are worth to 
mention: at the embedding location the stitching fibres tying together the UD 
reinforcing yarns had to be removed to allow a smooth placement of the PWG foil. 
In addition, a small quantity of binder was used to fix the PWG in position while 
stacking up the layers. In fact, since the dry fibres are not tacky as for the prepreg, 
there was a risk of having the foil misplaced during the resin flow and following 
consolidation. Figure 7-9b depicts the PWG foil placement operation.   
 
 
Figure 7-9. PWG embedding on a (0)16 GFRP laminate produced by VARI. (a) The stacking of UD glass 
fibre layers prior to vacuum bagging. (b) The detail of the PWG placement, where it can be noticed that 
the stitching fibres have been removed in order not to affect the foil flatness after curing. 
 
 In Figure 7-9a, the preform ready to be vacuum bagged is shown. On top 
of the dry fibre layers, a blue peel ply and a green distribution mesh were used: the 
function of the peel ply is to allow releasing the vacuum bag after the resin has 
cured and the laminate needs to be demoulded. The distribution mesh facilitates 
the flow of resin from the inlet towards the outlet. As for the previous presented 
cases, the laminate was cut at the location of the PWG and polished for optical 
microscopy. Pictures at 5X, 20X and 50X magnifications for both 45 and 105 µm 
samples are shown in Figure 7-10. A good result for both embedded types is 
observed. As in Section 7.3.2.2, the thinner foil presents a slightly more 
pronounced undulation than the thicker foil, but it is expected that the latter will 
affect the stresses in the composite more heavily. In the following, an optical 
characterization on one of the embedded PWG is proposed. 
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Figure 7-10. Optical microscopy images taken from the cross-sections on (0)16 GFRP samples. Two 
thicknesses of 45 and 105 μm for an EpoClad/EpoCore/EpoClad PWG stacking are considered.   
  
 
7.3.4  OPTICAL LOSS MEASUREMENTS 
 
 An important milestone in the whole sensor development process is 
certainly represented by the verification of its optical functionality after 
embedding. After laminate manufacturing, distortions might be induced in the 
PWG system and this might adversely affect the optical properties of the 
waveguides.  
 
 
Figure 7-11. High precision alignment table used for the optical measurement in order to determine the 
light power losses of an embedded PWG. On the right hand side the detail of the fibre optic emitting 
light towards the waveguide inside the composite. 
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In order to characterize the waveguide losses, cut-back measurements are usually 
done on the waveguides. These measurements are obtained by sending light 
through a waveguide and measuring the out-coming light to estimate the losses. 
Repeating this measurement for different lengths of the sample, one can obtain a 
curve with losses as a function of length (i.e. waveguide propagation losses). 
However this whole characterization is rather time consuming and cumbersome. In 
fact, the PWG manufacturing allowed for a maximum length of approximately  40 
mm after laser ablation. This in turn meant that after embedding the cut sample 
was approximately 35 mm in length. If the sample was to be further sliced, its 
handling would have been very difficult. However, in order to have an initial idea of 
the embedding influence on the losses, a single length of polymer waveguide was 
considered. The end-faces of the laminate were surface polished in order to obtain 
the best coupling with the transmitted light source. Also, a polished surface makes 
it easier to identify the location of the waveguides in the laminate. The sample was 
mounted on an optical table and two optical fibres were aligned with micrometer 
precision to the waveguide ingress and egress respectively. Light was sent through 
one of the fibres, coupled into the waveguide, exit on the other side through the 
second fibre which was connected to a photo-detector. In Figure 7-11, the optical 
table used to fix the sample and align the optical fibres on its face is depicted. In 
Figure 7-12, a magnification of the laminate with the highlighted waveguides is 
shown. One can clearly see the light shining through the waveguide. 
 
 
Figure 7-12. Magnified images for a carbon fibre laminate with a PWG system embedded. The 
waveguides illuminated from the opposite side of the sample are clearly visible and well-defined.  
 
To estimate the impact of the losses, the case where two optical fibres 
were aligned close to each other, almost touching, was compared to the one where 
the PWG sample was placed in between them. The amount of optical power 
transferred was measured in both cases and compared. The result for sample 13 
(Figure 7-5e) EpoClad/EpoCore PWG embedded in a CFRP UD laminate can be seen 
in Figure 7-13. The total loss is about 2.5 dB and is only weakly depending on the 
input power. Taking into account that there is always a loss at the transition fibre-
waveguide, which is around 0.5-1dB for each transition, one can conclude that the 
actual propagation loss is very limited and it is likely that the embedding did not 
have a negative effect on the waveguide properties. The absolute minimum 
propagation loss is about 0.25dB/cm, which is the intrinsic material loss of the 
EpoCore and for the sample considered will result in a total intrinsic loss of 1 dB. 
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Any roughness, cracks, fabrication defects etc. would add to this loss, therefore the 
low loss figure indicates no significant negative effect of the embedding.  
 
 
Figure 7-13. Power losses [dB] for sample 13 Epo IP2611 as a function of input power light in mW. The 
losses are compared for the case where two optical fibres are aligned to one another. 
 
 Once both embedding and optical functionality after embedding have 
been proved successful, the mechanical characterisation of composite laminates 
with embedded PWG foils can be initiated. The results are therefore introduced in 
the next section.     
 
 
7.4 SENSOR/COMPOSITE INTERACTION 
 
 After a first optimization of the PWG foil manufacturing and of the 
composite production process, a good embedding result was achieved. To 
summarize, the EpoClad/EpoCore/EpoClad PWG stacking was selected. Two 
different thicknesses were initially considered, 45 and 105 µm. They were then 
further reduced to 22 and 45 µm respectively, in order to limit the sensor 
obstruction. Both CFRP and GFRP materials were selected. The decision of using a 
single (0)16 unidirectional layup was preferred over the option of considering also a 
cross-ply laminate. In this section, the main results on the sensor/composite 
interface characterization are introduced. Three different types of test were 
considered in order to characterize some of the failure mechanisms of the 
interface. These methods are summarized in Figure 7-14. All test methods were 
done in accordance with ASTM standards, where the sample geometry was 
modified accounting for the PWG foil embedding. The Mode-I test (Figure 7-14a) 
uses a Double Cantilever Beam (DCB) sample geometry, where the two halves of 
the composite specimen are teared apart creating a pure opening failure mode. 
This results into a delamination growing from one end of the sample towards the 
other. This is regarded as one of the major weaknesses of many laminated 
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composites [21]. To facilitate the creation of a crack, typically a Teflon® film is 
placed at the sample end which is loaded. The PWG foil is embedded at a certain 
location in the laminate mid-plane and will interact with the propagating crack. The 
energy required to further propagate the crack at the interface represents a 
material property known as fracture toughness GI (J/m
2
) under pure mode-I (i.e. 
opening mode) loading conditions [22]. In analogy, mode-II fracture toughness GII 
(J/m
2
) can be defined as the energy required to propagate a crack under pure shear 
loading conditions. Different testing setups exist to define the mode-II resistance to 
delaminations of fibre-reinforced polymers: one of them is the short-beam shear 
strength testing method. The specimen is a flat beam-like laminate with high 
thickness-to-span ratio (l = 6 x t, w = 2 x t) which is loaded in three-point bending 
[23].  
 
Figure 7-14. (a) Mode I or tearing mode test, (b) Mode II via short-beam strength test and (c) Pull-off or 
adhesion test. 
  
 The PWG foil is embedded at one end of the specimen (Figure 7-14b) as 
for the DCB. However, in this case, no additional pre-crack insert is used. The 
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sample geometry ensures a pure shear stress in the laminate mid-plane. A Short-
Beam Shear Strength (SBS) is derived (see Figure 7-20). A relationship between SBS 
and the energy necessary to crack the interface (i.e. interlaminar fracture 
toughness GII) exists, provided that a shear failure mode is ensured. As a side note, 
the author would like to clarify  that more accurate testing methods exist to define 
the GII (for instance the End Notch Flexure test), but for the purpose of comparing 
the results of pristine specimens to the ones with embedded PWG foil, the short 
beam shear strength test was considered easier to implement. As last test method 
considered, the pull-off testing (Figure 7-14c) was used to assess the adhesion of a 
single EpoClad film with the resin of the composite material. This is typically 
achieved by performing a direct tensile test pulling on two dolly studs which are 
glued with a strong-enough-adhesive to the EpoClad and resin layers, respectively. 
Provided that the failure occurs at the EpoClad/resin interface (it could also fail 
between the adhesive and the studs), the stress required to separate the two 
layers is considered as the adhesion strength of the interface [24]. Similar works on 
the mechanical characterization of the interface of foil-like sensors embedded in 
composites can be found. Lin et al. [25] embedded a sensor network of distributed 
piezoceramic actuators/sensors onto a carbon/epoxy composite structure. A layer 
of Bondply® carrying 10 interconnected circular sensors, 6.35 mm in diameter and 
0.254 mm thick was embedded in a unidirectional laminate. This layer was 
developed to enhance the surface adhesion. Tension tests were performed 
orthogonally to the laminate plane in order to examine the effect of embedding on 
the out-of plane tensile strength of the composite. Not much influence was found. 
In addition, the failure was located away from the composite/sensor interface. 
Double lap shear tests were also performed and results showed even an 
improvement in strength for the laminate with the Bondply® layer. Finally, short 
beam shear strength tests were carried out and also these properties marginally 
deviated from the ones of the pristine laminate. Despite the apparently good 
results obtained, this work does not investigate the adhesion of the interface, and 
it is likely that under cyclic loading a crack could initiate from there and propagate 
further through the Bondply® layer. Similarly, Murri [26] compared the Mode I 
fracture toughness and fatigue resistance of pristine glass/epoxy DCB specimens 
with other laminates having embedded piezoelectric sensors and found no 
significant influence. Also in this case, a layer of a so called LaRC-Macrofiber 
Composite material was inserted between the sensors and the composite. Koanka 
et al. [27] instead compared the behaviour of an innovative type of piezoelectric 
fibre composite sensor with a more bulky-like conventional one. In-plane tensile, 
in-plane tension–tension fatigue and short beam strength tests were performed to 
evaluate the strength of the composite specimens containing the sensors. It could 
be concluded that a reduction in ultimate strength of 3 to 6% was observed. From 
the short beam strength test the reduction in shear was 7 to 15%, whereas for the 
fatigue tests no significant effect was found. Since in this case no intermediate 
layer promoting the adhesion was used, this is what should be expected in the 
best-case-scenario for the results discussed below. In fact, since the piezoelectric 
fibre composite sensors had built-in sheets of polymer printed circuitry the 
adhesion might have been enhanced.  
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The initial mode-I tests on the DCB specimens with embedded PWG foils resulted 
in low values of fracture toughness and sudden crack propagation was observed 
when reaching the foil/composite region. For this reason, a way of enhancing the 
interface adhesion has been thought necessary despite the reassuring results of 
embedding. This was achieved either by modifying the EpoClad layer surface or the 
composite production process. Several approaches have been considered. 
 
- A Nanofibrous layer was added in between the composite layer and the PWG 
foil, in order to improve the fracture toughness of the interface. 
- Nanofibres were directly spincoated on the PWG foil which was then embedded 
in the composite. 
- The PWG foil was abraded on its surface to create artificial roughness and 
improve surface interlocking. 
- Decreasing the fibre volume fraction in the composite to promote resin richer 
areas at the interface, thus improve chemical wetting on the PWG foil. 
- Reduce the PWG foil width to increase the surrounding composite area. This 
will result in an apparent increase of the fracture toughness. 
- Chemically re-activate the PWG surface via plasma treatment or silanization, to 
promote “co-curing” of the two materials [28],[29] .        
 
 For reasons of conciseness, not all of the results will be provided in the 
following. The discussion will be limited to the two last bullet points, but the 
interested reader is referred to Reunse [30]. Most of the listed surface 
modifications were tested in mode-I, except for the nano-fibres applied to the 
EpoClad surface, which where embedded and tested under mode-II. Also the latest 
results on the EpoClad chemically treated, were tested by pull-off tensile test. The 
most important results for each type of test will be introduced in the next sections. 
 
7.4.1  MODE-I TESTS 
 
 DCB specimens were prepared out of (0)16 unidirectional laminates for 
both M10R/UD300–38% carbon fibre and UDO ES 500 glass fibre/epoxy materials. 
The sample dimensions were approximately t × w × l = 5 mm × 20 mm × 250 mm. A 
15 µm insert sheet (Wrightlon® 5200 perforated peel-ply from Airtech) with 63 mm 
length was placed at one end of the specimen as a crack starter. 15 mm × 15 mm 
loading blocks with a pin-hole diameter of 8 mm were glued at the pre-cracked 
sample end. An electro-mechanical tensile testing machine 5569 from Instron® 
(High Wycombe, UK) was used for the mode-I testing. Tests were conducted in 
accordance with the ASTM D5528 Standard. An image of the test being performed 
on a GFRP sample can be seen in Figure 7-15a. From this test setup, the highest 
reduction in fracture toughness GI was seen for the one carrying PWG foils inside. 
This can be explained as follows: the failure mechanism of a composite material 
under mode-I loading is often hindered by the so-called “fibre bridging” 
phenomenon. The composite fibres in the laminate form a web which interlock the 
two specimen’s halves and constrain them from moving apart. This web is clearly 
visible also from Figure 7-15a. The outcome therefore is a stable crack propagation. 
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When a foreign layer is introduced in the composite laminate, this mechanism 
ceases and the crack snaps suddenly until it encounters again this bridging. Post-
mortem analysis of the fracture surfaces of both a reference sample and a sample 
with a 105 µm EpoClad foil are shown in Figure 7-15b and c. A smooth area with 
very low roughness and no evidence of bonding is noticeable over the region where 
the PWG was embedded. 
 
 
Figure 7-15. Mode I testing: (a) fibre bridging phenomenon in a GFRP specimen produced by VARI. (b) 
Failure surfaces on a sample without PWG, the fibre bridging is clearly visible. (c) Failure surfaces on a 
sample with embedded PWG, the sensor changes the failure mechanism of the laminate.   
 
 
Figure 7-16. R-curves from mode-I test (a) on M10/T300 CFRP and (b) on UDO ES 500/RIMR135 GFRP 
samples. GI,NL and GI,VIS fracture toughness initiation values for (c) M10/T300 CFRP and (d) UDO ES 
500/RIMR135 GFRP samples.  
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Results from R-curves of the GI fracture toughness versus the crack length (a-a0) for 
the reference samples and samples with embedded PWGs are presented for both 
CFRP (Figure 7-16a) and GFRP (Figure 7-16b) materials. Two different EpoClad 
thicknesses of 105 μm and 45 μm are compared. In both cases, the fracture 
toughness is considerably reduced when compared with the one of the pristine 
sample. In Figure 7-16b and d, the exact GIC values corresponding to the deviation 
from non-linearity in the load-displacement curve and the point corresponding to 
the visual onset of delamination (VIS) are compared for each triplet of samples. 
Values of fracture toughness GI of 77 J/m
2
 have been found in literature for a neat 
epoxy resin [31]. Compared to this value the samples with embedded foils have a  
GI two to three times lower and ten times lower when compared to the composite 
material. Not enough samples were tested to conclude on the influence of the foil 
thickness on the fracture toughness. Nevertheless, this initial result was considered 
not acceptable and therefore other tests with the aforementioned surface 
enhancement (section 7.4.3) were performed. 
  
 Nanofibres are inorganic fibres with a diameter of 400 ± 100 nm claimed 
to improve the mode-I fracture toughness of a composite laminate [32]. For this 
reason, it was thought that the PWG/composite adhesion could be improved by 
adding layers of these fibres at each sensor interface. Polycaprolactone nanofibres 
obtained by electro-spinning were used in this work. The liquid polymer is lead 
through an electric field of about 20-25 kV voltage and sent to a collector base 
plate. After an initially straight path, the liquid solidifies and starts spinning while it 
is deposited on the collector [33]. By doing so, uniform layers of nanofibres are 
produced. During the embedding of the PWG foils two of these layers were added 
to the glass fibre at each composite/sensor interface. In Figure 7-17a, a magnified 
image from a Scanning Electron Microscope (SEM) of the nanofibres layer is given. 
The mode-I test results did not shown any significant improvement and therefore 
will not be reported but can be found in [30]. Next, PWG foils were surface abraded 
after production with fine-grain sandpaper. The idea behind was increasing the 
surface roughness and hopefully mechanical interlocking with the epoxy resin.  
 
 
Figure 7-17. (a) Failure surface of a GFRP specimen with nano-fibre layers inserted between composite 
and embedded PWG. (b) Failure surface on a GRFP sample with abraded PWG surfaces. Both failures 
present low roughness as a consequence of the low adhesion and no fibre bridging.     
CHAPTER 7: POLYMER WAVEGUIDE SENSORS EMBEDDED IN COMPOSITES  
 
 
233 
A negative outcome from the mode-I tests was observed also in this case. Post-
mortem fracture surface analysis of the tested specimens revealed the same 
smooth surface as on the first set of results (cf. Figure 7-17 with Figure 7-15). 
 
As last set of tests under mode-I loading conditions, the following 
approach was used: in order to improve the GIC fracture toughness of a laminate 
with embedded PWG foils, the sensor area was narrowed to increase the 
composite fibres contact. The classical specimen geometry was maintained and 
different PWG foil widths were considered. These tests were performed only on 
M10/T300 CFRP prepreg material produced by autoclave. The sample dimensions 
are reported in Table 7-5.  
 
Denomination 
layup width thickness length PWG width 
layers [mm] [mm] [mm] [mm] 
Reference [0]16 20.27 5.01 200 - 
Epo_A [0]16 19.82 4.92 200 15 
Epo_B [0]16 19.67 4.98 200 10 
Epo_C [0]16 20.49 4.95 200 5 
 
Table 7-5. Overall dimensions of the M10/T300 CFRP samples with narrowed PWG width.   
 
In Figure 7-18a, a mode-I test on one of these samples is being performed. 
The USB Dino-Lite digital microscope used to track the crack tip propagation is 
visible. Next (Figure 7-18b), the post-mortem surface analysis for the samples with 
different width is presented.  
 
 
Figure 7-18. Mode I Fracture toughness results for narrowed PWG sensors embedded in CFRP samples. 
Decreasing the width of the embedded PWG shifts the fracture mechanism from a fragile failure 
towards more stable crack propagation. Results are obtained for a PWG width of 15 mm, 10 mm and 5 
mm and compared to the one obtained for the reference sample. 
 
 By increasing the composite contact area, the fibre bridging phenomenon 
would be emphasized and the failure mechanism be subjected to a transition. The 
R-curve results (Figure 7-19a) demonstrated a transition from a fragile failure 
CHAPTER 7: POLYMER WAVEGUIDE SENSORS EMBEDDED IN COMPOSITES  
 
 
234 
towards a more stable crack propagation. Yet, the gap between the GI values 
derived for the sample Epo_C (which has the narrowest PWG embedded) and the 
GI of the Reference sample is still large. When looking at the GIC,VIS crack initiation 
values, the reduction is 40%. In Figure 7-19b, the GIC,VIS values for all the samples 
are compared. As a side note, it is worth mentioning that the value of fracture 
toughness which corresponds to the visual onset of the delamination is perhaps a 
bit too conservative to estimate the real material property, however it seemed 
reasonable to compare them. Next, the results on the short beam shear strength 
tests are presented. 
 
 
Figure 7-19. (a) R-curves from mode-I test on M10/T300 CFRP samples narrowed PWG sensors 
embedded.  (b) Comparison of GI,VIS fracture toughness initiation values for the different samples. 
 
 
7.4.2 SHORT BEAM SHEAR STRENGTH TESTS 
 
 In this section, the results of the short beam shear tests performed on the 
infused GFRP samples are presented. Three sets of specimens are compared: the 
reference ones, the ones with embedded PWGs and the ones with embedded 
PWGs which were coated with nanofibres. The 3-point bending setup and a 
reference test are depicted in Figure 7-20. 
  
 
Figure 7-20. (a) Schematic of the 3-point bending test setup according to ASTM D2234 Standard to 
determine the SBS or apparent Mode II fracture toughness. (b) A test being performed on a reference 
GFRP specimen. 
 
CHAPTER 7: POLYMER WAVEGUIDE SENSORS EMBEDDED IN COMPOSITES  
 
 
235 
Tests were performed in accordance with the ASTM D2234 Standard.  An exception 
was made for the diameters of the span supports and loading nose. The pin 
diameter used was 10mm, instead of 3 mm and 6mm, respectively, which was 
suggested by the standard. Since a comparative study was conducted, this 
deviation was considered justified, provided that the failure mode was not 
influenced by the larger pin diameter. An electro-mechanical tensile testing 
machine 5569 from Instron® (High Wycombe, UK) was used. The applied load was 
recorded as a function of the crosshead displacement. The short-beam sample, 
having a size of b × h × l = 14 mm × 7 mm × 50 mm, was loaded at the centre of the 
span resulting in a measured negative load. Under these conditions (mid-span 
bending and short-thick sample geometry), the stress in the specimen’s mid-plane 
is considered to be purely shear. This allows determining the SBS failure stress of 
the laminate:  
 
 = 0.75
	

 ∙ ℎ
 (1) 
 
where, as indicated in Figure 7-20, b and h are the sample cross-section width and 
height respectively and Pm is the maximum load, or the load at which a crack is 
initiated. Although shear is the dominant applied loading in this test method, the 
internal stresses are complex and a variety of failure modes can occur. Away from 
the mid-plane plies between the loading nose and support points, the stress 
distribution becomes skewed, with peak stresses often occurring near the loading 
nose and support points. Of particular significance is the stress state at the loading 
nose in which the severe shear-stress concentration is combined with transverse 
compression and the induced compressive stress has been shown to initiate failure. 
Consequently, unless mid-plane interlaminar failure has been clearly observed, the 
short-beam strength determined from this test method cannot be attributed to a 
shear property. In Table 7-6, the maximum loads and corresponding SBS values are 
reported.  
   
Test Specimen 
 
width 
[mm] 
thickness 
[mm] 
Max Load 
[N] 
SBS 
[N/mm²] 
Reference Ref 01 14 6.92 6270 48.54 
Reference Ref 02 14 6.81 6582 51.78 
EpoClad Epo 09 14 6.9 5547 43.07 
EpoClad Epo 13 14 6.85 5309 41.52 
nanofibres Epo 03 16.2 8.1 6963 39.80 
nanofibres Epo 16 16.1 8.05 8420 48.72 
 
Table 7-6. SBS values for the specimens tested under Mode II test setup. 
 
 Care should be taken when comparing the data because of the difference 
in dimensions of the specimens having PWGs coated with nanofibres. In fact, this 
could cause a different failure mode to initiate. Therefore, a better interpretation 
CHAPTER 7: POLYMER WAVEGUIDE SENSORS EMBEDDED IN COMPOSITES  
 
 
236 
of the results can be achieved looking at the force-displacement diagrams of       
Figure 7-21. Results obtained for the reference specimens have very smooth     
load-displacement curves (Figure 7-21a). The curve starts off non-linear, probably 
due to the settling of the specimen onto the span supports, then goes through a 
linear region. Afterwards, another non-linear region is observed after which the 
specimen finally fails. The load required for further displacement decreases. The 
test was stopped when the load decreased to 30% of the maximum load.  
 
 
Figure 7-21. Load-displacement curve of the SBS tests (a) on reference 1 sample, (b) on sample Epo 13 
with embedded PWG and (c) on sample Epo 16 with embedded PWG coated with nanofibres. On the 
right hand side the specimens’ failure surfaces are shown.  
 
 The specimens with integrated PWGs started cracking audibly at loads 
around 2 kN, approximately a third of the maximum load of the reference samples. 
These cracks translate into load-discontinuities in the load-displacement curve. 
Afterwards, more discontinuities were observed before reaching the maximum 
load. The largest discontinuity was chosen as the failure point. After reaching their 
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maximum load, the samples cracked more times, after which the test was stopped. 
The two specimen’s halves containing a PWG foil fell apart after unloading them 
from the supports. The specimens with embedded PWGs coated with nanofibres 
allowed much higher loads. These specimens did not fall apart after the test was 
ended and their halves had to be opened manually. From the post-mortem 
analysis, their surfaces show some degree of roughness, implying an increase of 
adhesion when compared to the previously mentioned result. From this analysis, 
the apparent mode-II fracture toughness, or better, the SBS has shown that 
nanofibres have a positive effect on the shear failure mode. Particularly, an 
improvement of the SBS has been observed in these specimens. However, this test 
method, despite being of easy execution, is difficult to be interpreted uniquely due 
to the multiple failure modes existing. As a last section on the mechanical testing of 
composite laminates with embedded PWG foils, the results on the adhesion of the 
EpoClad/Epoxy interface will be discussed.  
 
7.4.3 PULL-OFF ADHESION TESTS 
 
 Results on the sensor/composite adhesion improvements reached with 
chemical modification of the PWG surfaces will here be disclosed. A brief 
explanation of the sample preparation procedure and of the test setup will first be 
given. Then evidence of the surface adhesion enhancement will be provided. Tests 
were conducted in accordance with the ASTM D5179 Standard Test Method to 
measure the adhesion of coatings under direct tensile testing. However, due to the 
spin-coating procedure used to produce the PWG foils, the sensor geometry had to 
be modified accordingly. Two aluminium studs, also referred as dollies (i.e. often 
the test is named dolly-dolly adhesion test), are glued to the material to be tested. 
In Figure 7-22, an overview of the test sample and of the 8801 servo-hydraulic 
tensile machine from Instron® used for the tests is depicted. 
 
 
Figure 7-22. (a) Dolly-Dolly specimen with schematic of the sample layer stacking. (b) A pull-off adhesion 
test being performed on a servo-hydraulic tensile testing machine. 
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The relative alignment of the dollies is very important, to avoid any pre-stress on 
the sample (i.e. torsion or bending might indeed create unwanted peel stresses). 
This was achieved by gluing the dollies to the sample using an aligning table. The 
adhesive should ideally have better properties than the interface to characterize 
and it should be easy to apply (i.e. paste-like). In these tests, the two-component 
epoxy-based structural adhesive Scotch-Weld™ EC-9323 B/A from 3M™ 
(Maplewood, Minnesota, USA) was used. Its overlap shear strength on glass fibre 
reinforced epoxy was 28 MPa for an optimal adhesive thickness of 0.1-0.2 mm [34]. 
A cure cycle of 2 hours at 65°C was followed after application. None of the tested 
samples failed at the adhesive interface. In Figure 7-22, also a schematic of the 
sample to be tested is depicted. The EpoClad layer was spin-coated directly on a 
1.25 mm thick FR4 substrate (i.e. fibre glass reinforced epoxy composite material 
used for electronic applications). The EpoClad layer thickness is comparable to the 
foil thickness provided for the mode-I tests (Section 7.4.1). A thin layer of the 
EPIKOTE MGS RIMR 135 resin and the EPIKURE MGS RIMH 137 hardener from 
Momentive® already introduced in 7.3.1.2 was applied on the already cured 
EpoClad [19]. On top of the epoxy layer, another 1.25 mm FR4 substrate was 
placed. The whole sample was cured for 24 hours at room temperature and post-
cured in an oven for 15 hours at 80°C, according to the resin manufacturer 
prescription. Then, the whole stack was glued to the dollies. The sample 
preparation procedure was quite cumbersome and time-consuming. Conversely, 
the tensile test itself lasted a few minutes. Load and displacement of the crosshead 
were recorded. The purpose of the testing campaign was to improve the 
EpoClad/composite adhesion by chemical treatment of the interface. Five different 
sets of tests were performed, considering different treatments of the EpoClad 
surface, namely: 
 
- untreated EpoClad layer, 
- air plasma treatment, 
- O2 plasma treatment, 
- air plasma treatment + APTES, 
- O2 plasma treatment + APTES. 
 
 Plasma treatment is a relatively easy process based on exposing the 
surface to be treated to a flux of ionized gas. It provides various possibilities to 
modify a polymer surface, enabled by the adjustment of parameters like gas flows, 
power, pressure and treatment time [35]. APTES treatment instead (3-
aminopropyltriethoxysilane) introduces amine groups on the surface to be treated, 
with the aim of creating chemical activation [29]. It is often referred as silanization 
and is commonly used in the composite industry on the reinforcing fibres to 
improve the adhesion with the resin. Six samples per test batch were tested for a 
total of 30 tests. For conciseness, only the results of the untreated tests and of the 
air plasma treated samples with and without APTES process are discussed. In Figure 
7-23, the stress-displacement curves are reported along with evidence of the most 
relevant sample fracture surfaces. Initial results for the untreated EpoClad samples 
showed again a rather smooth failure surface with scattered failure stresses. For all 
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the treated samples, the failure stress measured was higher than the one 
measured for the untreated samples. However, it must be noted that a 
considerable scatter in the results was observed. 
 
 
Figure 7-23. Result of the adhesion tests for (a) untreated, (b) air plasma treated and (c) air plasma + 
APTES treated EpoClad foils. 
 
The data are summarized in Table 7-7 with an indication of the average 
and standard deviation of each test set. The measured failure stresses are close to 
the out-of-plane failure strength of the FR4 [36]. In fact, the failure surfaces of the 
treated EpoClad samples show a segmented fracture with regions where the FR4 
layer was torn off (Figure 7-23c). A higher surface roughness was observed and the 
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fracture surface jumps from the lower to the upper FR4 substrate, as indication of a 
cohesive failure. This is proving the enhanced adhesion result. 
 
Test 
Specimen 
untreated 
Air  
plasma 
O2  
plasma 
Air plasma + 
APTES 
O2 plasma + 
APTES 
(MPa) (MPa) (MPa) (MPa) (MPa) 
Sample 1 14.45 35.38 31.02 26.75 34.46 
Sample 2 36.78 38.44 26.50 22.26 31.50 
Sample 3 33.49 33.62 40.64 36.30 35.43 
Sample 4 27.52 21.85 25.95 27.16 36.22 
Sample 5 24.63 34.34 23.61 30.00 31.99 
Sample 6 20.37 26.50 40.30 37.53 19.15 
avg. 26.2±8 31.7±6 31.3±8 30.0±6 31.5±6 
 
Table 7-7. Failure Stresses from the pull-off tests. On average the plasma treatment has improved the 
adhesion.  
 
 This concluded the mechanical testing on the embedded PWG foils and 
hands over the reins to the grating characterization.  
 
 
7.5 PWG SENSOR’S CHARACTERIZATION 
 
 This section introduces the results of the sensor characterization with 
respect to strain and temperature. Two cases can be considered: surface mounted 
PWG sensor spin-coated on a FR4 substrate and PWG sensors embedded in a GFRP 
laminate. Furthermore, some preliminary results on the sensor response to fatigue 
loading will be disclosed.     
 
7.5.1 SURFACE MOUNTED SENSOR 
 
 First, the sensor production and the sample preparation will be briefly 
described, since its geometry had to be customized to the requirements imposed 
by the grating manufacturing. Then, the static tests on both epoxy-based and 
Ormocer-based grating sensors will be presented and the strain sensitivities 
derived. Finally, the result of the temperature characterization of the sensors will 
be presented.  
 
7.5.1.1 SAMPLE PREPARATION 
 
 To prove the sensor concept and its compatibility with composite 
production it was first decided to develop a PWG on a FR4 substrate. As discussed 
previously (7.4.3), this material is a glass reinforced epoxy for printed circuit-board 
production and has good mechanical properties [36],[37]. Two different PWG 
material combinations were considered: an EpoClad/EpoCore/EpoClad and an 
OrmoClad/OrmoCore/OrmoClad stack. The materials were spin-coated on the 
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whole substrate area, resulting in a thickness of approximately 100 µm. In this case, 
the sensor thickness was not a compelling constraint. Due to the limitations 
imposed by the spin-coating setup, the maximum allowable substrate size was 40 × 
110 mm
2
. Waveguides were developed in the central region of the sample (brown 
region in Figure 7-24b) using DWL as described in Section 7.2. Their cross-sectional 
size was 4 × 3 µm
2
 and 5 × 5 µm
2
 for the Ormocer and for the Epoxy materials, 
respectively. Gratings were nanoimprinted on the waveguide region at about 25 
mm from the sample edge.  
 
 
Figure 7-24. (a) A PWG sensor on the FR4 substrate. The grating has been fabricated in the centre of the 
FR4 area (marked in white colour). The sensor has been pigtailed to a SMF-28 standard telecom fibre 
with an in-house developed connector. (b) A schematic of the sensor design. 
 
 For testing purposes, it would have been preferred centring the grating in 
the middle of the sample area. However, to keep the optical propagation losses 
low, it was decided to minimize the waveguide path to the grating. The reflection 
spectrum was inscribed in the 1550 nm range and the best-reflecting waveguide 
was pigtailed to a SMF-28 single mode optical fibre, using UV-curable epoxy glue 
and a dedicated connector. A schematic of the sample geometry and its realization 
are presented in Figure 7-24. 
 
7.5.1.2 TENSILE TESTS 
 
 The tensile tests were performed in displacement control using an 8801 
servo-hydraulic tensile testing machine from Instron®. The crosshead speed was set 
to 0.2 mm/min in order to control the test more carefully. A 10 mm gauge length 
dynamic extensometer with a strain range of 10% was mounted on the specimen to 
track the strain at the exact grating location. In order to clamp the sample to the 
wedges of the tensile tester, 10 × 10 mm
2
 steel blocks were glued on both ends of 
the specimen (Figure 7-25). Although not suggested by the ASTM D3039 Standard, 
these bulky blocks had to be used to protect the splice from the wedges during the 
test. However, one should expect higher peak stresses at the “tabs” location 
because of the pressure imposed by the clamps of the machine. For this reason, the 
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allowed strain was limited to approximately  4000 με, resulting in a stress of about 
130 MPa (i.e. sample cross section of 1.25 × 40 mm
2
).  
 
 
Figure 7-25. (a) A tensile test being performed on the Ormocer-based PWG sensor on the FR4 substrate. 
(b) The sample with highlighted the clamping blocks oversized to account for the 5 mm thick splice. 
 
 The reflection spectrum peak was tracked using an optical fibre sensor 
interrogator FBG-Scan804 from FBGS Technologies GmbH, operating in the 1510-
1590 nm range and having a 1 pm resolution. The results of the tests are presented 
in Figure 7-26a and b for the OrmoCore/OrmoClad and for the EpoCore/EpoClad 
sensors, respectively. The wavelength of the reflected spectrum peak is plotted 
versus the strain measured from the extensometer. The strain sensitivity Kε can be 
derived from the curves according to the formula: 
 
∆

=  ∙ ∆ (2) 
 
where ∆λ is the wavelength shift, λB the central (i.e. Bragg) peak wavelength of the 
grating in the initial conditions and ∆ε the shift in strain measured by the 
extensometer. Thus, the strain sensitivities were 8.89 × 10
-7
 ε
-1
 and 7.47 × 10
-7
 ε
-1
 
for the Ormo-based and for the Epo-based grating, respectively. These were found 
to be similar to the ones reported in literature [38] and not much different from 
the strain sensitivity of the DTG® (i.e. 7.8 × 10
-7
 ε
-1
). In Figure 7-27, spectra from the 
OrmoCore/OrmoClad sample were acquired at different load levels during the 
tensile test. It is worth to notice that in this case no peak splitting was observed, as 
it was the case for the EpoCore/EpoClad sample instead. Nevertheless, with 
increasing loads the spectrum becomes wider and this might be attributed to the 
transverse deformation caused by the Poisson contraction. 
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Figure 7-26. Tensile test on PWG sensors on a FR4 substrate: (a) strain sensitivity curve for the 
OrmoCore/OrmoClad and (b) for the EpoCore/EpoClad based sensors. 
 
 
 
Figure 7-27. Spectra acquired at different loads during a tensile test on the OrmoCore/OrmoClad PWG 
sensor. 
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7.5.1.3 TEMPERATURE TESTS 
 
 To define the temperature sensitivity of the two sensor gratings, 
temperature tests were performed in a Eurotherm 2408 temperature controlled 
environmental chamber from Instron®. Samples were positioned in the centre of 
the chamber making sure they were freestanding and not constrained to anything. 
This is of importance to allow the material expanding/contracting freely. A K-type 
thermocouple was used to monitor the temperature of the sample. The cycle was 
performed between 20 and 60 °C acquiring measurements every 5 °C and making 
sure that each set of measurements was done when a stable temperature was 
reached in the chamber. In order to have more accurate measurements, for every 
temperature a set of three acquisitions, each of 5 minutes, was recorded. For each 
acquisition, data were averaged and compared to each other, showing a good 
reproducibility of the signal. The reflection spectrum was tracked using a FBG-
Scan804 interrogator from FBGS Technologies GmbH, similar to what was 
described in Section 7.5.1.2. Data points and fits of the temperature tests for the 
OrmoCore/OrmoClad and EpoCore/EpoClad based sensors fabricated on a FR4 
substrate are presented in Figure 7-28.  
 
 
Figure 7-28. Temperature test (heating) in an oven between 20 to 60°C: (a) temperature sensitivity 
curve for the OrmoCore/OrmoClad and (b) for the EpoCore/EpoClad based sensors. 
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The clear blueshift of the wavelength with increasing temperature shows in both 
cases negative temperature sensitivities, namely -250 pm/°C for the Ormo-based 
grating and -90 pm/°C for the Epo-based grating. From the linear fitting expression 
in Figure 7-28, the temperature sensitivities can be derived according to Eq. 3: 
   
∆

=  ∙ ∆ (3) 
  
where ∆λ is the wavelength shift, λB the central (i.e. Bragg) peak wavelength of the 
grating at a reference temperature of 20°C and ∆T the shift in temperature 
measured by the thermocouple. The Ormo-based grating had a KT of -162.6 × 10
-6
 
K
-1
 whereas the Epo-based KT was -57.2 × 10
-6
 K
-1
. Compared to the typical 
temperature sensitivity of silica fibre Bragg gratings (i.e. 6.5 × 10
-6
 K
-1
), this is 
approximately 25 and 9 times higher in magnitude, respectively. The Thermal 
Expansion Coefficients (CTE or α) of OrmoCore and OrmoClad are between 100 × 
10
-6
 K
-1
 and 130 × 10
-6
 K
-1
 [15]. The thermo-optic coefficient (ξ) is about 250 × 10
-6
  
K
-1
 for OrmoCore and about 270 × 10
-6
 K
-1
 for OrmoClad, leading to a theoretical 
relative sensitivity (α+ξ) between -120 × 10
-6
 K
-1
 and -170 × 10
-6
 K
-1
, which is in good 
agreement with the result obtained. It is worth to notice that the results (not 
enclosed here) for temperature ramping-up and ramping-down match well with 
each other, showing almost no hysteresis effect. Next, the characterization of PWG 
grating sensors embedded in composites is discussed. 
 
7.5.2 EMBEDDED SENSOR 
 
 Based on the results obtained from the Ormocer and Epoxy sensors spin-
coated on FR4 substrates, the latter one was selected for embedding in 
composites. This of course was also motivated by the results on the 
sensor/composite interaction discussed in Section 7.4. In the following, results on 
the strain response of embedded sensors will be disclosed. Additionally, some 
preliminary fatigue test results are introduced to give an idea on the long-term 
performance of the sensor.   
 
7.5.2.1 SENSOR PREPARATION 
 
 Freestanding EpoClad/EpoCore PWG foils carrying functional gratings of 
two different thicknesses, namely 50 μm and 100 μm were fabricated according to 
the process described in Section 7.2. The gratings were nanoimprinted with a pitch 
of 505 nm, resulting in a reflected spectrum in the 1550 nm range.  A total of four 
foils (i.e. two for each combination) were embedded in the mid-plane of a [0]4 
unidirectional GFRP laminate produced by vacuum infusion. The process was 
carried out in analogy with what was already described in Section 7.3.3. The same 
glass fibre UD reinforcement material and epoxy resin system were used [18],[19]. 
The laminate was cured for 24 hours at room temperature and post-cured in an 
oven for 15 hours at 80°C. After production, a total of four samples having a size of 
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t × w × l = 1.5 × 40 × 110 mm
3
 were cut from the laminate. Only two of them (one 
for each foil thickness) were prepared for testing. Similarly to what is described in 
7.5.1.1, a dedicated splice with a SMF-28 optical fibre was made at the edge of the 
sample where the waveguides were leaving the laminate. In order to splice the 
fibre to the 5 × 5 µm
2
 waveguide cross-section size, the laminate facet had to be 
polished. Finally, steel blocks were glued to the sample in order to allow clamping it 
to the tensile machine (7.5.1.2). In Figure 7-29, an overview of a pigtailed specimen 
ready for testing, as well as a tensile test setup, are depicted. 
 
 
Figure 7-29. (a) A tensile test being performed on a GFRP (0)4 laminate with an EpoClad/EpoCore PWG 
sensor embedded. (b) The specimen with pigtailed a standard telecom SMF-28 single mode fibre 
connector is also presented. 
 
 When comparing the spectrum of the sensors before and after sample 
manufacturing, an appreciable wavelength shift of about 4 nm towards shorter 
wavelengths was observed. This effect can be ascribed to the residual strain 
building up during laminate post-curing, due to the sensor/composite CTE 
mismatch (a similar phenomenon was already discussed in Chapter 4 and in 
Chapter 6).    
 
7.5.2.2 TENSILE TESTS 
 
 Similarly to 7.5.1.2, tests were performed in displacement control. The 
crosshead speed was set to 0.2 mm/min. Load, displacement and strain were 
recorded during the test. The strain on the sample surface was measured with a 10 
mm gauge length dynamic extensometer at the exact grating location. This was 
compared to the strain measured by the embedded grating sensor. The results of 
the sensor calibration for both 50 μm (Figure 7-30a) and 100 μm (Figure 7-30b) 
EpoClad/EpoCore PWG grating are presented below. 
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Figure 7-30. Tensile test on embedded 1550 nm range PWG sensors with nanoimprinted grating having 
a 505 nm pitch. Wavelength-strain curve defining the strain sensitivity of the (a) 50 μm and (b) 100 μm 
EpoCore/EpoClad based sensor. 
 
 The samples were loaded up to 50 MPa, corresponding to a strain of about 
1250 µε. The Bragg wavelength as a function of strain graphs seem to be affected 
by a higher noise than in Figure 7-26, but this is due to the lower strain range 
considered. By choosing a bigger extensometer gauge length e.g. 25 mm instead of 
10, the strain range would have been reduced from ±10 % to ±4 %. Accordingly, the 
measurement accuracy would have been improved. However, the extensometer 
strain would have been averaged over a 25 mm gauge length, when the strain 
measured by the grating was on a length of about 10 mm. In spite of this, linear 
fitting on the data set was still possible. This gave similar strain sensitivities as for 
the spin-coated Epo-based sensors: namely a Kε value of 7.03 × 10
-7
 ε
-1
 for the 50 
μm foil and 5.08 × 10
-7
 ε
-1
 for the 100 μm foil. It has to be mentioned, that the 
behaviour of the 100 μm sensor is far from linear when observing Figure 7-30b. In 
fact, in this case the steel blocks serving to clamp the sample to the tensile machine 
were accidentally glued too close to the area where the embedded foil had some 
waveguides passing. When clamping the sample, the spectrum peak disappeared 
and only after releasing the clamps it was slowly recovering. The test was therefore 
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repeated with reduced clamping pressure (i.e. 25 bars instead of 80). Yet some 
peak distortion was observed. Next, some preliminary results on the grating long-
term performance are treated.    
 
7.5.2.3 FATIGUE TEST 
 
 To have a first impression on the long-term performances of the 
embedded sensor and on the dedicated splice design, a short load-controlled 
fatigue test was performed. From both samples still available after the strain 
characterization, the one with the 100 μm embedded PWG foil was selected for 
testing. The 50 μm foil was foreseen for other dynamic tests, which are not here 
enclosed, but that can be consulted in Teigell Benéitez [1]. The 8801 servo-
hydraulic tensile testing machine from Instron® and the exact same setup as 
discussed in 7.5.2.2 were used for the test.  
 
 
Figure 7-31. Results of the fatigue tests on a GFRP sample with 100 μm embedded EpoCore/EpoClad 
PWG sensor. (a) Stress-strain curve at 1 cycle and 50,000 cycles for both extensometer and FBG. (b) 
Loaded and unloaded spectra acquired at 1 cycle and 50,000 cycles. 
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A tension-tension loading cycle with a sinusoidal waveform ranging from 7.5 to 35 
MPa was selected. A conservative cycling frequency of 2 Hz was chosen. The test 
was ran for 50,000 cycles. Static tests were performed both at 1 and at 50,000 
cycles. Results are presented in Figure 7-31a. The stress-strain curves are derived 
for both extensometer and FBG grating measurements. From the first cycle, the 
grating nonlinearity is already evident. However, the non-linearity gets worse after 
fatiguing. During the tensile test at 50,000 cycles (green curve Figure 7-31a), a large 
discrepancy between the readings of the PWG and the extensometer is observed. 
However, the unloaded spectra are overlapping precisely even after fatiguing, 
concluding on the integrity of the splice. Also the loaded spectrum at 1 cycle is 
maintaining its original shape. However, comparing it to the loaded spectrum at 
50,000 cycles, the latter has considerably lost power and peak splitting has 
occurred. 
 
 
7.6 CONCLUSIONS 
 
 In this Chapter, an innovative optical layered sensor, known as polymer 
waveguide was developed with the aim of finding its application in composites 
monitoring. Thin foil PWG Bragg grating based sensors were fabricated and 
optimized for embedding in composite laminates. No similar attempts could be 
found in literature. First, a technology was developed by UGent-CMST to fabricate 
thin polymer foils which could be compatible with composite production processes. 
Various waveguide materials were evaluated and a selection of the most promising 
ones, namely Epoxy and Ormocer based materials, was considered for further 
development. Grating sensors were developed making use of these two material 
configurations.  
  
At the same time, sensor/composite compatibility studies were carried 
out: first the good result of embedding polymer foils in CFRP and GFRP laminates 
was assessed and an adequate foil sensor flatness was obtained after embedding. 
Then the optimal sensor/composite combinations were tested under different 
mechanical testing conditions. Specifically, this task focused on defining the 
conditions initiating failure of the sensor/composite interface and, when necessary, 
improving the properties of the interface to avoid it. Three different types of tests 
were considered, covering some of the most common failure modes of composites: 
mode-I testing, short beam (shear) testing and pull-off testing. Initial test results 
showed considerably weakened interface properties due to the presence of the 
sensor. Therefore, several methods to improve the adhesion of this interface were 
considered. Amongst all the different solutions tried, chemical modification of the 
sensor surface by means of plasma treatment and APTES has shown the best 
results. 
 
 The last section of this chapter was dedicated to the sensor 
characterization. Static and dynamic tests, as well as temperature tests were 
performed to define the sensor sensitivities and its performance on long-term. To 
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the author's best knowledge, this is the first time that the strain sensitivity of an 
embedded PWG sensor was addressed in literature.  
 
In addition, surface mounted PWG sensors were used for temperature 
sensing and showed sensitivities up to 25 times higher in absolute value than silica 
optical fibres (namely -250 pm/°C for the Ormo-based grating and -90 pm/°C for 
the Epo-based grating).  
 
The sensor needs further testing and characterization to allow its 
confident employment in composite monitoring applications. The great motivation 
pushing the development of PWG foil sensors lays in the fact that this technology 
can be used together with integrated chip photonics and allows for compact multi-
axial strain sensing solutions, including a readout unit, suitable to be embedded in 
composite parts. 
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8 
CONCLUSIONS 
 
 
 
 
 
The results described in this dissertation were achieved within the 
framework of the Self Sensing Composites Project (SSC) [1]. A summary of the 
principal achievements made in the different chapters is here provided. 
Additionally, a section is attributed to the future outlook of the SSC project.     
 
8.1 ACHIEVEMENTS 
 
The SSC project aimed to develop innovative sensor technologies to be 
employed in composite production and operation. Amongst these technologies, 
optical fibre sensors, capacitive sensors and polymer waveguide sensors were 
discussed in this dissertation. It is worth emphasising that because of the rationale 
behind SSC, these sensors were developed to be embedded into composite 
materials. The author has been investigating the mutual interaction between the 
sensor and the composite. On one hand, the research has been looking at the 
distortion that the sensor is causing in the surrounding composite layers and, on 
the other hand, how to get the best interpretation of the sensor’s readings [2],[3]. 
Because of the different nature of the sensor technologies investigated, each 
sensor is treated separately. The results discussed in this PhD dissertation required 
extensive experimental work, which was described throughout the thesis. A 
summary of the most important results and conclusions from the different 
Chapters is given below. 
 
8.1.1 PRODUCTION MONITORING OF COMPOSITES 
 
In Chapter 4, a set of production monitoring experiments, first on pure 
resin and then on composites materials have been presented. The early 
experiments at the beginning of the project were performed with a preliminary 
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Interdigital Capacitive Sensor (IDS) design and a non-automated readout system. 
Throughout the project, the IDS design was optimized for higher capacitance 
measurements and reduced noise influence. Accordingly, also the cabling system, 
which was responsible for pronounced noise and temperature influence on the 
measurements and the readout were improved.  
 
A complete characterization of a two component epoxy resin system i.e. 
the EPIKOTE® MGS RIMR 135 resin and the EPIKURE® MGS RIMH 137 hardener was 
performed. A first cure monitoring test was performed under regular cure 
conditions, i.e. 24 hours cure at room temperature and post-cure in an oven at 
80°C for 15 hours, as stated in the manufacturer technical datasheet [4]. These DEA 
measurements were validated against Differential Scanning Calorimetry (DSC) and 
found in good agreement. Afterwards, the influence of the amount of exothermic 
reaction on the cure rate was investigated. A higher exothermic was achieved by 
increasing the resin quantity (i.e. 200 g versus 20 g). It can be concluded that higher 
resin quantities accelerated the rate of conversion, which also showed a more 
marked conversion with respect to the gradual capacitance descent highlighted by 
the small resin sample. Contrarily, during the post-cure the small resin sample 
showed a remarkable latent reaction, whereas almost no reaction was observed for 
the larger resin sample. The effect of the cure temperature (i.e. 25°C, 35°C and 
55°C) was also investigated on this resin system: a higher cure temperature gave a 
faster cure (i.e. same as a larger resin quantity) but the amount of residual strain 
measured after post-cure was more than double (i.e. -6000 µε for the 55°C cure 
versus -1500 µε of the 25°C).                 
 
In a later stage of the project, cure monitoring tests were performed on 
composite laminates. Not much difference has been observed on the cure 
behaviour of a GFRP laminate with respect to the pure resin cure (i.e. the same 
resin was used in the GFRP infusion). Careful attention should be paid instead when 
embedding IDS sensors in CFRP laminates: because of the conductive nature of the 
carbon fibres, the sensor should be isolated by interposing a filtering layer. A cure 
test on a M10R/UD300–38% CFRP prepreg material produced by an out-of-
autoclave process was performed [5].  
 
As last section of the Chapter, different applications of the IDS were 
proposed. A flexible foil with integrated IDS sensors was laminated for the first time 
ever on a mould surface and it allowed to follow the cure of dog-bone epoxy 
specimens. Additionally, IDS sensors were integrated in a silicone mould for 
production of composite laminates by the vacuum infusion process. No similar 
attempts could be found in literature.  
 
As last important achievement of this Chapter, a low-cost sensor network 
based on IDS was specifically developed for cure monitoring of composites and was 
embedded in a composite laminate with variable thickness. The sensor network 
allowed the use of a low-cost compact readout unit, making it a DEA system much 
cheaper than commercially available ones (i.e. few hundreds of € compared to the 
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several thousand € of the commercial ones). To the author’s best knowledge, this is 
the first time that a low-cost DEA sensor network system for cure monitoring of 
composites was proposed. 
 
This knowledge and confidence gained in the tests performed in Chapter 4 
lead to some production monitoring experiments on an automotive and an 
aerospace composite component produced by the Resin Transfer Moulding (RTM) 
process. These tests were reported in Chapter 6. In the automotive rear suspension 
control arm, two fibre optic lines carrying FBG sensors were embedded in the 
preform consisting of a PET foam core reinforced with carbon fibres. The sensors 
were capable of detecting the increase of temperature and of pressure inside the 
mould, as well as the resin filling. An innovative fibre egress for integration in RTM 
composite parts was designed. Accordingly, a solution which allowed the safe 
demoulding of the sensor lines after production was proposed. No similar attempts 
on RTM industrial parts could be found in literature. 
 
The aerospace component features the hinge arm of the droop nose 
mechanism on the Airbus A380 wing leading edge. A multi-sensor approach was 
adopted in this case: the feasibility of successfully embedding a network based on 
FBGs, capacitive sensors and thermocouples in the hinge arm was proved. In both 
production monitoring tests, this was achieved without requiring any changes to 
the mould geometry or to the components design. The production process was 
monitored throughout the RTM injection, cure and oven post-cure. During the 
post-cure, a build-up of residual strains up to -2000 µɛ was measured. This is 
remarkably high if one thinks of the relatively small dimensions of the part. Much 
more severe distortions can be expected in components such as boat hulls or wind 
turbine blades. Therefore, the importance of having such a sensor network in the 
composite part is demonstrated.  
 
Moreover, the capacitive sensors were capable of successfully following 
up the cure and post-cure on the A380 hinge arm. A degree of cure curve was 
derived from the IDS sensors. The hinge arm was cured in a relatively massive 
conductive metallic mould. In this case, one cannot expect large differences in 
temperature and/or cure degree. However, larger structures which are cured in 
non-metallic mould and heated locally, e.g. wind turbine blades, might show large 
difference in the cure behaviour from point-to-point in the part. The benefits of 
such a cure monitoring system become therefore evident, since uneven 
temperature distributions connected to large variation of thickness in the laminate 
will emphasize differences in cure profiles. 
 
The results contained in this chapter proved that the sensor technologies 
can be combined and used as an in-situ technique for production monitoring of 
industrial parts. A lot of potential is foreseen especially for the capacitive sensor 
network, where its low-cost might enable large adoption in the composite market. 
After production, the FBG sensor network was also used to perform dynamic 
measurements for modal analysis investigations. The first Eigen frequencies of both 
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components were measured with an innovative FBG peak tracking algorithm and 
compared to the one obtained with a Laser Doppler Vibrometer. These modal 
analysis results were obtained via embedded FBGs and reported in Lamberti et al. 
[6].    
 
8.1.2 OPTICAL FIBRE COMPOSITE INTERACTION 
 
The interaction of Fibre Bragg Grating (FBG) sensors with composite 
materials was investigated. For the first time ever, extensive fatigue tests on cross-
ply laminates with embedded fibre optics were performed. DTG® fibres of different 
diameters were selected. Different materials and loading cases were considered: 
 
- M18/M55J carbon fibre reinforced epoxy laminates were subjected to 
tension-tension fatigue (R=0.1, 50% UTS) and cycled to failure. Despite 
some initial damage in the vicinity of the sensor for some of the samples, 
no significant reduction of the fatigue lifetime was encountered. These 
initial damages were regarded as generated from thermal residual stresses 
after production. However, even for the “already damaged samples”, no 
further crack growth on the sensor surroundings was noticed after 
4,000,000 cycles. Dummy fibres were used and therefore no sensor 
readings were available. Damage was assessed by X-ray Computed 
Tomography (CT) throughout the test. A clear increase of the crack density 
was observed in the 90° oriented plies. On the contrary, because of the 
inaccuracy of the extensometer readings, no clear trend in stiffness 
degradation could be traced.   
  
- MTM28-1/E-350 glass fibre reinforced epoxy cross-ply laminates were 
subjected to tension-tension (R=0.2, 35% UTS) fatigue tests. Up to 
4,000,000 cycles, no damage was observed from the X-ray CT scans on the 
fibre surroundings. The sensor readings highlighted a clear stiffness 
degradation in the samples. From the FBG spectra, a permanent strain up  
to 0.6% was measured after 3,000,000. In this case X-ray CT did not allow 
for damage assessment of the laminate (i.e. crack density), because of the 
low scan contrast. 
  
- MTM28-1/E-350 glass fibre reinforced epoxy cross-ply laminates were 
also subjected to tension-compression fatigue cycling (R=-1, 35% UTS). A 
different situation was encountered: after approx. 100,000 cycles a crack 
initiated at the composite/fibre coating interface. With further cycling, the 
crack grew through the coating/cladding interface debonding the fibre 
completely from its surroundings. This was observed only for the largest 
sensor (125/195 µm), whereas no damage was noticed in the other 
samples. The sensor readings were again useful to define the stiffness 
degradation and the permanent deformation in the laminate.   
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- The potential of the X-ray CT was presented for internal material 
investigation on CFRP and GFRP composite laminates. This non-
destructive technique was exploited, for the first time ever, to assess the 
quality of in-composite embedded fibre optics. It proved capable of clearly 
visualize the optical fibre outlines even for GFRP, where the attenuation 
difference between the materials was small (i.e. reinforcing glass 
fibre/silica optical fibre have comparable density).  
 
Furthermore, CT scans were performed, for the first time ever, on multi-
structured optical fibres (MOF) embedded in M18/M55J carbon fibre reinforced 
epoxy laminates. Multi-structured fibres present a special core design which allows 
for a strain sensitivity dependent on its orientation [7]. This makes them sensitive 
to both axial and transverse strain. For a correct strain calibration the fibre 
orientation is required. The purpose of the scan was investigating a possible twist 
along the fibre axis. Successful results showed no twist. However, a crack was 
highlighted at the cladding/coating interface. 
 
In addition, the technique allowed investigating the more complex fibre 
architecture of a woven fabric carbon-PPS laminate where DTG® fibres were 
embedded. Because of the imprecisions in positioning the thermoplastic plies 
during manufacturing (i.e. yarn shift during ply stacking), a different result in the 
reflected fibre spectrum was noticed from sample to sample. The effect of yarn 
nesting on the peak shape could be observed. However, addressing the local strain 
profile of this complex fibre architecture was not possible. The spectrum seemed to 
be affected by many variables, including the residual strain build-up during 
production. 
 
8.1.3 POLYMER WAVEGUIDE SENSOR EMBEDDED IN COMPOSITES 
 
 Polymer waveguides (PWG) are composed of a stack of optical layers, 
typically a cladding/core/cladding structure with an additional under/upper 
cladding. In the core layer, optical waveguides are patterned in order to guide light 
in it through preferential paths. Because of its advantage in  achieving better and 
more precise manufacturing tolerances, this technology is used in integrated 
photonic circuit boards.  
 
The feasibility of translating this technology into a sensor that could find 
its applicability in composites monitoring was investigated. To do so, thin polymer 
foils were manufactured and embedded, for the first time ever, in composite 
laminates produced by the vacuum assisted resin infusion process and the 
autoclave process. 
 
The foil/composite adhesion was tested and the interface properties 
were optimized for this purpose. The conditions initiating failure at the 
sensor/composite interface were investigated. Three different types of tests were 
considered, covering some of the most frequent composite failure modes: mode-I 
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testing, short beam (shear) testing and pull-off testing. Initial test results showed 
considerably weakening interface properties due to the presence of the sensor. 
Therefore, several methods to improve the interfacial adhesion were tested. 
Amongst them, the chemical modification obtained via plasma treatment proved 
increasing the adhesion [8]. This was not addressed in literature before. 
 
A functional sensor, based on the Bragg grating technology, was 
developed. The telecom 1550 nm most common wavelength range was selected. 
The waveguide size of 5 × 5 µm
2
 allowed for single-mode operation. Various 
waveguide materials were evaluated and two of them were considered for grating 
inscription: namely, epoxy and Ormocer® based materials. Sensors were 
characterized through static test, dynamic tests and temperature tests. The strain 
sensitivity of an embedded PWG sensor was addressed, for the first time ever, in 
literature. Surface mounted PWG sensors were used for the first time ever for 
temperature sensing and showed sensitivities up to 25 times higher (in absolute 
value) than silica optical fibres. 
 
The great motivation pushing the development of PWG foil sensors lays in 
the fact that this technology can be used together with integrated chip photonics 
and allow for compact sensing solutions, including readout unit, suitable to be 
embedded in composite parts. In addition, it allows for thin foil fabrication with 
high density of sensor with well-defined orientation.    
 
 
8.2 PERSPECTIVE FOR FUTURE WORK 
 
 Several sensor technologies have been developed in the framework of the 
SSC project. All of them were meant for integration in composites, either for 
production monitoring, or to be exploited in the following O&M phase. 
 
 Two Technological Evaluators (TE) are foreseen for the last stage of the 
project: namely, the A380 hinge arm (introduced in Chapter 6) and a stiffener 
panel. The purpose of the TEs is proving the functionality of the sensor 
technologies developed through the course of the project. At the time of writing of 
this dissertation, these tests were not finalized, but the author has decided to give 
evidence of the future project outcomes. 
 
On the hinge arm, a more realistic layup was selected and two new 
versions of the component are going to be manufactured. The production plan 
will be divided into two separate tasks: a first hinge arm will be produced for 
further testing, whereas for the second one only the production process will be 
monitored. The first hinge arm will carry five optical fibre lines. Four MOFs, with a 
grating for each fibre line, are going to be embedded in the bottom flange at the 
maximum stress location (see Chapter 6, Figure 6-12). A DTG® fibre line carrying 
five FBGs will be embedded in the main body, next to the hinge holes.  The 
component will then be tested statically under different load cases. In the second 
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hinge arm, a stretchable sensor network with twenty IDS and temperature sensors 
will be embedded in the main body. Next to the IDS, a DTG® fibre line will be 
placed. The RTM production process will be monitored similarly to what was 
described in Chapter 6, but more information will hopefully be available. 
 
 
Figure 8-1. Schematics of the technological demonstrators of the SSC project: (a) A380 hinge arm and (b) 
stiffener panel. 
 
The second TE consists of a base plate to which two omega-shaped 
stiffeners are either glued or co-cured during production. Both GFRP and CFRP 
stiffened composite panels will be produced. Similarly to the hinge arm, some 
panels will be instrumented with MOF and DTG® fibres and afterwards tested in 
fatigue, whereas for some panels the production process will be monitored. 
Additionally, an optical strain rosette based on PWG technology will be produced 
on a flexible foil and surface mounted on a stiffener panel to prove its strain 
sensitivity in the different directions. Theoretically, based on the knowledge of the 
three in-plain strain components, the load direction applied to the panel can be 
derived.     
 
Apart from this near future work plan, during the PhD several ideas on 
how to further exploit the sensing technologies arose. A few suggestions on 
possible future research directions are here summarized. 
 
- The stretchable IDS sensor network with in-plane meanders described in 
Chapter 3 was designed to be used in GFRP composites. However, as 
suggested by the author in Chapter 4, when CFRP composite are 
monitored one should account for the conductive nature of carbon fibres. 
Therefore, a shielding layer on the active sensor part, as well as on the 
stretchable interconnects, is required to extend the use of the network to 
these materials.   
 
- Besides the production monitoring application, capacitive sensors could be 
used to detect changes of environmental conditions affecting the 
dielectric properties of composites in operation. For instance, water 
absorption of the composite matrix is a real issue for some structures (e.g. 
boats or civil structures). A capacitive sensor embedded in the near 
vicinity of the composite outer surface might be sensitive to the changing 
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humidity content and therefore information could be retrieved during 
operation of the part.  
 
- In this research framework, the use of IDS sensors was foreseen only 
during the production process optimization stage. However, if the sensors 
are exploited during the in-operation stage, future research on the 
sensor/composite interaction is required. The author suggests therefore 
that a set of static tests first, and eventually a series of fatigue tests will be 
performed on laminate with embedded IDS sensors. If the damage 
tolerance of the laminate is significantly reduced by the presence of the 
sensor, then a further sensor miniaturization and adhesion optimization 
with the composite resin will be required. 
 
- PWG sensor foils were optimized for embedding in composite laminates. 
Their functionality was evaluated statically and their sensitivities were 
defined. Some hints on the long-term performance of the sensor were 
provided too. However, drawing conclusion from these results is rather 
difficult at this stage. It is the author’s opinion that more insights on the 
long-term performance through fatigue testing of the embedded sensor 
are required. 
 
- Accordingly, the splice connector of the embedded PWG sensor with the 
SMF-28 standard telecom fibre should also be further tested dynamically 
to assess its durability. Furthermore, it would be advisable to miniaturize 
the connector to allow its embedding in the composite laminate.         
 
- Fibre optic sensing is regarded as a more mature technology and has been 
extensively studied in literature. In this PhD, the author has given his 
contribution to improve the understanding of the fatigue durability of 
composite laminates carrying embedded sensors. There are a few more 
steps to take in this direction. For instance, different fibre coating 
materials could be investigated, as well as different laminate layups or 
loading cases (i.e. 4-point bending fatigue tests or Double Cantilever Beam 
fracture toughness tests). These different conditions may arise in a more 
damage sensitive sensor and therefore enable to a better understanding 
of the failure mechanism of a composite.  
 
The SSC project can be regarded as a research project which had a close 
collaboration with industry. For this reason, increasing the awareness of the 
industrial community to the existence of different and versatile sensing technology 
was amongst the project aims. In this sense SSC was successful. A number of spill-
over activities have started thanks to the aforementioned collaborations. Amongst 
them, interest arose from an American manufacturer of lightweight Compressed 
Natural Gas (CNG) fuel tanks [9]. Its application requires continuous in-operation 
monitoring because of the highly pressurise gas that could result in the initiations 
of cracks in the composite layup. Additionally, a composite water lock was 
CHAPTER 8: CONCLUSIONS  
 
 
263 
instrumented with FBG sensors to monitor the loads at the hinges during operation 
of the door [10]. 
 
Furthermore, the capacitive sensor technology attracted interest from 
research institutions in the field of wind energy because of the possibility of using 
the sensors for detecting the erosion on the wind turbine leading edge. The sensors 
in fact, are also capable of detecting a change in the coating permittivity resulting 
from material erosion [11]. A Horizon 2020 proposal has been submitted in 
November 2016. An experimental setup for accelerated erosion tests of wind 
turbine blade sections will be designed. Sensors will be integrated under the 
coating of the blade section at the leading edge location (i.e. at this location the 
higher erosion occurs). The influence of test conditions will be evaluated during the 
test campaign. 
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A 
MTM®28 MATERIAL 
CHARACTERIZATION  
 
 
 
 
 
 In this appendix, the results from the material characterization on the 
GFRP prepreg material used in the fatigue testing of laminates with embedded 
optical fibres presented in Chapter 5 are reported. The elastic properties of the 
material were defined both for tension and for compression tests. Tests were done 
in accordance with ASTM standards.               
 
A.1 MTM®28 MATERIAL 
 
 The material is the MTM28-1/E–350–38%RW prepreg provided by Cytec® 
(Woodland Park, NJ, USA) suited for the autoclave or the press cure process [1]. E 
glass unidirectional fibre reinforcement is combined to a MTM28-1 toughened 
epoxy resin that has been specifically developed for the manufacture of 
components requiring high damage tolerance. The material comes in rolls 600 mm 
wide and an uncured ply thickness of 0.350 mm. The recommended cure cycle is 1 
hour at 120°C with applied pressure of 6.2 bar and vacuum of 980 mbar. Because of 
the limitation imposed by the autoclave facility available at UGent-MMC, the 
pressure was chosen at 5 bar and vacuum of -0.85 bar. During heating, a ramp rate 
of 1 °C/min and a free cooling to room temperature were chosen.    
 
 
A.2 SPECIMENS PREPARATION 
 
 The static tensile tests were carried on in accordance with the ASTM 
D3039 Standard [2]. Three different fibre orientations were tested: namely 0° for 
the longitudinal properties, 45° for the shear properties and 90° for the transverse 
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properties of the laminate. Four unidirectional specimens were tested for each 
fibre orientation. Their layup was [0]8, [45]8 and [90]8, respectively. A rectangular 
specimen geometry with dimensions of w × t × l = 25 mm × 2.5 mm × 250 mm was 
selected. The specimen gauge length was of 140 mm. Aluminium tabs of w × t × l = 
25 mm × 1.5 mm × 56 mm were glued with a cyanoacrylate based adhesive 
(Loctite® 480). All specimens were equipped with strain gauges: the [0]8 specimens 
carried two strain gauges, one oriented in the longitudinal direction, the other in 
the transverse direction. The [45]8 and [90]8 specimens had only one strain gauge in 
the laminate longitudinal direction. Failure strains higher than 5 % were expected 
for the 45° fibre oriented laminates. Therefore, strain gauges EP-08-125AD-120 
from Vishay (Wendell, NC, USA) with a strain range up to 20 % were glued with the 
A-12 two-component epoxy adhesive (Vishay) to the [45]8 specimens [3]. CEA-06-
125UN-350 strain gauges with a strain range up to 5 % were used for all the other 
specimens. The M-Bond 200 cyanoacrylate based glue was selected in this case [4].  
 
 The static compressive tests were performed according to ASTM D3410 
Standard [5]. Three fibre orientations were tested: 0°, 45° and 90°. Similarly to the 
tensile tests, laminates with [0]8, [45]8 and [90]8 layup were manufactured. Since 
the unsupported gauge length compressive tests method was preferred over the 
other tests methods, a rectangular specimen with reduced gauge length was used 
[6]. The sample dimensions were in this case of w × t × l = 25 mm × 2.5 mm × 145 
mm. Stiffer steel tabs of w × t × l = 25 mm × 5 mm × 65 mm were used in this case, 
in order to avoid sample buckling. Accordingly, the sample gauge length was of 15 
mm. A preliminary set of compressive tests was first performed in order to define 
the optimal gauge length that could avoid as much as possible buckling, yet allowed 
enough space to mount the strain gauges (i.e. strain gauge foils were 10 mm long 
and needed some extra space to allow soldering of the electrical wires). A single 
strain gauge was mounted in the longitudinal direction for each sample in this case. 
The CEA-06-125UN-350 were used in the [0]8 and [90]8 laminates, whereas the EP-
08-125AD-120 were used in the [45]8.    
 
 
Figure A-1. Some of the samples prepared with strain gauges and end-tabs ready for testing. 
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A.3 TEST SETUP 
 
 An 8801 servo-Hydraulic tensile testing machine from Instron® (High 
Wycombe, UK) equipped with a 100 kN load cell was used. Tests were performed in 
displacement control using a crosshead speed of 2 mm/min for the tensile tests, 
whereas the test speed was set to 1.5 mm/min for the compressive tests. Load, 
displacement and strains were recorded during the tests. The specimens were all 
tested to failure. In the following, the results of each tested sample is provided and 
the elastic properties of the material both in tension and in compression are 
derived.    
 
 
A.4 TENSILE TESTS 
 
 The test results performed on each of the three chosen fibre orientations 
are summarized in tables for the tensile tests. Accordingly, the in-plane material 
elastic properties are derived for each test and averaged.     
 
0° orientation: 
 
label 
σUTS,0 
[MPa] 
εUTS, 0 
[%] 
εUTS, 22 
[%] 
E1 
[GPa]
1
 
ⱱ12 
[-]
1 
201601_T_MTM28_0_01 775.13 1.75
2
 -0.71 35.02 0.333 
201601_T_MTM28_0_02 823.94 2.49 -0.87 34.46 0.321 
201601_T_MTM28_0_03 747.66 2.21 -0.67 35.10 0.324 
201601_T_MTM28_0_04 664.74 2.05 -0.63 33.88 0.321 
 
Table A-1. Tensile test results for the [0]8 MTM28-1/E–350–38%RW specimens. 
 
45° orientation: 
 
label 
σUTS,45  
[MPa] 
εUTS, 45 
 [%] 
E45  
[GPa]
1
 
201601_T_MTM28_45_01 93.45 2.22 7.93 
201601_T_MTM28_45_02 86.80 1.81 8.44 
201601_T_MTM28_45_03 84.75 1.60 8.97 
201601_T_MTM28_45_04 86.61 1.61 9.35 
 
Table A-2. Tensile test results for the [45]8 MTM28-1/E–350–38%RW specimens. 
 
 
 
 
 
 
                                                           
1
 Calculated according to ASTM D3039. 
2
 Strain gauge detached from sample, result not representative. 
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90° orientation: 
 
label 
σUTS,90  
[MPa] 
εUTS, 90  
[%] 
E2  
[GPa]
3
 
201601_T_MTM28_90_01 71.42 0.90 9.72 
201601_T_MTM28_90_02 49.66 0.49 10.26 
201601_T_MTM28_90_03 62.95 0.69 10.41 
201601_T_MTM28_90_04 65.83 0.73 10.22 
 
Table A-3. Tensile test results for the [90]8 MTM28-1/E–350–38%RW specimens. 
 
Calculated G12: 
 
 = 2 −
1
 −
1
 +
4


 
 
E1 [GPa] 
ⱱ12  
[-] 
E2  
[GPa] 
E45  
[GPa] 
G12  
[GPa]
4
 
34.62 0.325 10.15 8.67 2.84 
 
Table A-4. MTM28-1/E–350–38%RW in-plane tensile elastic properties. 
 
 
A.5 COMPRESSIVE TESTS 
 
 The in-plane material elastic properties are here derived for the 
compressive test results. To be noticed that some of the tests on the [90]8 
laminates were unsuccessful.    
 
0° orientation: 
 
label 
σUCS,0  
[MPa] 
εUCS, 0  
[%] 
E1  
[GPa]
5
 
201601_C_MTM28_0_03 -453.02
6
 -1.10 33.98 
201601_C_MTM28_0_04 -478.30
6
 -1.38 30.40 
201601_C_MTM28_0_05 -458.68
6
 -1.22 33.00 
201601_C_MTM28_0_06 -446.70
6
 -1.30 30.77 
 
Table A-5. Compressive test results for the [0]8 MTM28-1/E–350–38%RW specimens. 
 
 
 
 
 
 
                                                           
3
 Calculated according to ASTM D3410.   
4
 Averaged values from the tests. 
5
 Calculated according to ASTM D3410. 
6
 Gauge length (15mm) limited to strain gauge size (limit Bucking). 
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45° orientation: 
 
label 
σUCS,45  
[MPa] 
εUCS, 45  
[%] 
E45  
[GPa]
7
 
201601_C_MTM28_45_01 -136.81 -4.45 8.06 
201601_C_MTM28_45_02 -129.88 -4.46 7.97 
201601_C_MTM28_45_03 -139.51 -4.39 9.65 
201601_C_MTM28_45_04 -138.34 -4.47 8.98 
 
Table A-6. Compressive test results for the [45]8 MTM28-1/E–350–38%RW specimens. 
 
90° orientation: 
 
label 
σUCS,90  
[MPa] 
εUCS, 90  
[%] 
E2  
[GPa]
7
 
201601_C_MTM28_90_01 -140.21 -3.01 9.10 
201601_C_MTM28_90_02 / / / 
201601_C_MTM28_90_03 / / / 
201601_C_MTM28_90_04 -136.10 -3.17 9.42 
 
Table A-7. Tensile test results for the [90]8 MTM28-1/E–350–38%RW specimens. 
 
Calculated G12: 
 
 = 2 −
1
 −
1
 +
4


 
 
E1 [GPa] 
ⱱ 12  
[-]*** 
E2  
[GPa] 
E45  
[GPa] 
G12  
[GPa]
8
 
32.04 0.325 9.26 8.67 2.92 
 
Table A-8. MTM28-1/E–350–38%RW in-plane compressive elastic properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
7
 Calculated according to ASTM D3410 
8
 Taken from tension tests 
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A.6 FAILURE ANALYSIS 
 
 A selection of images from the failed samples is presented in Figure A-2. 
All of them are contemplated as possible failures from the standards. 
 
 
Figure A-2. Failure surfaces for both the (a) tensile tests and the (b) compressive tests. 
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B 
MTM®28 TENSION-COMPRESSION 
FATIGUE CHARACTERIZATION 
 
 
 
 
 
 The results from a tension-compression fatigue test campaign on the GFRP 
prepreg material introduced in Chapter 5 are here reported. The S-N curve of the 
material has been derived and from it a better understanding of the fatigue 
behaviour of the material gained. This input was necessary to set the stress limits 
on the fatigue tests where laminates with embedded optical fibre sensors were 
considered.               
 
B.1 MTM®28 MATERIAL 
 
 The material is the same as described in Appendix A, i.e. the MTM28-1/E-
350-38%RW prepreg provided by Cytec® (Woodland Park, NJ, USA) suited for 
autoclave or press cure [1]. E glass unidirectional fibre reinforcement is combined 
to a MTM28-1 toughened epoxy resin that has been specifically developed for the 
manufacture of components requiring high damage tolerance. The material comes 
in rolls 600 mm wide and an uncured ply thickness of 0.350 mm. Recommended 
cure cycle of 1 hour at 120°C with applied pressure of 6.2 bar and vacuum of 980 
mbar. Similarly to what has already been discussed the autoclave cycle was run 
with a pressure of 5 bar and vacuum of -0.85 bar. During heating a ramp rate of 1 
°C/min and a free cooling to room temperature were chosen.    
 
 
B.2 SPECIMENS PREPARATION 
 
 The fatigue tests were performed on cross-ply laminates having a 
rectangular geometry as ascribed from the ASTM D3410 standard for testing the 
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compressive properties of fibre reinforced polymers specimens with unsupported 
gauge section [2]. First, static tensile and compressive tests were performed on 
similar specimens in order to define the stress and strain failure of the laminate. 
Then, with these values some stress amplitudes were selected and new samples 
were tested in fatigue. The chosen laminate layup was a (0,902,0,902,02)s for a total 
of 16 plies. The initial tensile tests were performed in accordance with the ASTM 
D3039 standard [3]. The rectangular samples (w × t × l = 25 mm × 5 mm × 250 mm) 
were instrumented with CEA-06-125UN-350 strain gauges from Vishay (Wendell, 
NC, USA) having a strain range up to 5%. Aluminium tabs were glued to the 
specimen’s ends using a cyanoacrylate based adhesive (Loctite® 480), resulting in a 
gauge length of 140 mm.  
  
Similarly, the initial compressive tests were performed in accordance to ASTM 
D3410 [2]. Since this standard does not foresee the use of a gauge supporting 
plate, one should be aware of the effect of buckling which might occur during the 
test. For this reason, a set of preliminary tests on specimens of different gauge 
lengths were performed. To evaluate the effect of buckling, the strain in the 
longitudinal direction on the two opposite specimen’s faces has been measured. 
When comparing it, if a deviation in the strain is observed, instability is occurring. 
The first sample had a gauge length of 38 mm and showed a divergence already at 
60% of the Compressive Failure Stress (or Ultimate Compressive Stress - UCS). This 
length was then reduced to 25 mm, resulting in a final specimen size of w × t × l = 
25 mm × 5 mm × 155 mm. Rectangular thick steel tabs (w × t × l = 25 mm × 5 mm × 
65 mm) were used to better support the specimen and avoid even more the 
buckling instability. Strain was recorded in the specimen longitudinal direction by 
means of CEA-06-125UN-350 strain gauges. 
   
 
B.3 PRELIMINARY STATIC TESTS 
 
 An 8801 servo-Hydraulic tensile testing machine from Instron® (High 
Wycombe, UK) equipped with a 100 kN load cell was used. Tests were performed in 
displacement control using a crosshead speed of 2 mm/min for the tensile tests, 
whereas it was set to 1.5 mm/min for the compressive tests. Load, displacement 
and strains were recorded during the tests. The specimens were all tested to 
failure. In the following, an overview of the failure strengths and strains both for 
tensile and compressive tests is provided. Worth noticing how the laminate 
stiffness is increasing of a 23% from the tensile to the compressive specimen’s 
geometry. Even for the compressive tests, the stiffness is increased of 13% by 
reducing the gauge length from 38 mm to 25 mm.  
 
 
 
 
 
 
APPENDIX B: MTM28 TENSION-COMPRESSION FATIGUE CHARACTERIZATION 
 
 
275 
 
Specimen label 
σUTS 
[MPa] 
εUTS 
[%] 
ET 
[GPa]
1
 
201601_T_MTM28_01 353.98 1.80 19.68 
201601_T_MTM28_02 309.42 1.53 20.05 
201601_T_MTM28_03 380.17 2.08 18.63 
201601_T_MTM28_04 307.57 1.49 20.10 
   
Table B-1. Tensile test results for the (0,902,0,902,02)s MTM28-1/E–350–38%RW specimens. 
 
 
Specimen label 
σUCS  
[MPa] 
εUCS 
 [%] 
EC  
[GPa]
2
 
201601_C_MTM28_01 -423.55 -2.48 21.22 
201601_C_MTM28_02 -417.22 -1.72 21.55 
201601_C_MTM28_04 -439.87 -2.47 24.06 
201601_C_MTM28_05 -443.86 -2.21 24.24 
 
Table B-2. Tensile test results for the (0,902,0,902,02)s MTM28-1/E–350–38%RW specimens. 
 
 The buckling influence on the compressive strain to failure of the laminate 
was evaluated by placing two strain gauges on the opposite faces of the specimen. 
A deviation on the measured strains leading to a bending (as indicated in Figure B-
1) up to 13% was observed for the 25 mm gauge length samples.    
 
 
 
Figure B-1. Effect of buckling during a compressive test on a 25 mm gauge length (0,902,0,902,02)s 
MTM28-1/E–350–38%RW specimen. 
 
However, in this case the strains started deviating from each other’s only 
at about 90% of the UCS. It must also be said that buckling will always be present to 
some extent during a compression test, so the gauge length was chosen as the 
                                                           
1
 Calculated according to ASTM D3039. 
2
 Calculated according to ASTM D3034. 
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minimal length which allowed mounting an extensometer for strain measurements 
during the fatigue tests. 
 
 
B.4 FATIGUE TESTS 
 
 New samples with the 25 mm gauge length were prepared for tension-
compression fatigue testing. The sample had the same geometry as for the ones 
used for the static compressive tests. Since, based on the author's knowledge, no 
standard exists on tension-compression fatigue testing of polymers matrix 
composites with unsupported gauge length, the fatigue tests were done in 
accordance to the guidelines of the tension-tension fatigue ASTM D3479 standard 
[4]. The UTS of 360 MPa was selected as reference to define the stress levels 
categories to which load the specimens. Samples were tested at 40%, 50%, 60% 
and 70% of the UTS. A total of ten samples were tested. A load ratio R=σmin/σmax of 
R=-1 was selected. Tests were performed in load control using a sinusoidal 
waveform. The longitudinal strain on the sample was measured throughout the 
tests by means of a dynamic extensometer with a 10 mm gauge length and a strain 
range of ±10%. A K-type thermocouple was glued to the sample surface in order to 
monitor the increase of temperature during the test. Different cycling frequencies 
were selected, namely 1 and 2 Hz. In  
Table B-3, the overall number of cycles Nf to failure for each tested specimen and its 
corresponding stress amplitude σa are reported. 
 
Specimen label 
σa/ σUTS 
[%] 
σa 
[MPa] 
f 
[Hz] 
Nf 
[cycles] 
201601_T-C_MTM28_(0,902,0,902,02)s_01 50 ±180 2 67,833 
201601_T-C_MTM28_(0,902,0,902,02)s_02 50 ±180 2 72,335 
201601_T-C_MTM28_(0,902,0,902,02)s_03 50 ±180 2 60,324 
201601_T-C_MTM28_(0,902,0,902,02)s_04 70 ±252 2 2,803 
201601_T-C_MTM28_(0,902,0,902,02)s_05 70 ±252 2 3,804 
201601_T-C_MTM28_(0,902,0,902,02)s_06 70 ±252 2 1,401 
201601_T-C_MTM28_(0,902,0,902,02)s_07 60 ±216 2 7,990 
201601_T-C_MTM28_(0,902,0,902,02)s_08 60 ±216 1 15,680 
201601_T-C_MTM28_(0,902,0,902,02)s_09 40 ±144 2 620,470 
201601_T-C_MTM28_(0,902,0,902,02)s_10 40 ±144 2 596,791 
 
Table B-3. Overview on the tension-compression fatigue test results for the (0,902,0,902,02)s MTM28-
1/E–350–38%RW specimens. 
 
 The temperature increase during the tests was considerable for the higher 
loaded specimens. For instance for a σa of 252 MPa (70% UTS) the maximum 
temperature peak observed was of about 52°C, which however is still far from the 
MTM28-1 glass transition temperature of 120°C. For an amplitude of σa = 144 MPa 
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(40% UTS) the increase was limited to 5°C. This information is reported in Figure B-
2.      
  
 
Figure B-2. Temperature increase at different stress amplitudes from tension-compression fatigue tests 
for the (0,902,0,902,02)s MTM28-1/E–350–38%RW specimens. 
 
 After a first sudden increase, with relative overshoot, the temperature 
stabilizes until the very end of the specimen fatigue life. There, before dropping 
completely as the tests ends, a peak is also observed. The first overshoot relates to 
the initial damage occurring in the sample, then a gradual damage is observed, for 
which the heat generated is dissipated in the environment. The last smaller 
temperature peak is caused by the generalized damage which is announcing the 
failure of the specimen. In Figure B-3a, the load-displacement hysteresis cycles are 
plotted at different fatigue lives for specimen 201601_T-C_MTM28_(0,902,0,902,02)s_03 
tested at 50% UTS (σa of 180 MPa). A gradual decay in stiffness is observed along with 
some observed permanent deformation. Below (Figure B-3b), the same graph has been 
derived for the stress-strain envelope curve. The curve at 75% life is degenerated as a result 
of the extensometer falling off from the sample. The same was then further re-attached, as 
it can be envisaged from the 90% life curve.    
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Figure B-3. (a) Load-displacement curves and (b) stress-strain curves at different fatigue lives for 
specimen 201601_T-C_MTM28_(0,902,0,902,02)s_03 tests at 50% UTS and lasted 60,324 cycles.   
 
 As last result reported from the tension-compression characterization 
tests on the MTM28-1/E–350–38%RW, the S-N curve has been derived from the 
cycles to failure at different stress amplitudes. This can be found in Figure B-4. 
From the analysis of the failure surfaces and from the observation of the tests, a 
regular tension-compression fatigue failure behaviour for a GFRP cross-ply laminate 
was observed [6],[7]. First, transverse cracks in the 90° oriented plies have 
developed and the crack density increased up to the point when the cracks joined 
and developed into delaminations at the 0°/90° interfaces. Accordingly, a stiffness 
decrease was observed after 90% of the fatigue life. The failure occurred because 
of buckling of the outer plies. At this point, the tensile machine was stopped by 
triggering of the imposed displacement limits. 
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Figure B-4. S-N curve from tension-compression fatigue tests for the (0,902,0,902,02)s MTM28-1/E–350–
38%RW specimens. 
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LIST OF ACRONYMS 
 
 
 
 
 
A 
 
 ASTM   American Society for Testing and Materials  
 
C 
 
CFRP   Carbon Fibre Reinforced Plastic  
CM   Condition Monitoring 
CN   Carbon Nanotubes 
COG   Centre Of Gravity 
CNG   Compressed Natural Gas 
CTE   Coefficients of Thermal Expansion 
 
D 
  
DCB   Double Cantilever Beam 
DEA   Di-Electric Analysis 
DF   Dissipation Factor 
DGEBA   Bisphenol A Diglycidyl Ether 
DMA   Dynamic Mechanical Analysis 
DSC   Differential Scanning Calorimetry 
 DTG®   Draw Tower Grating 
 DWL   Direct Writing Lithography 
 
E 
 
 ED   Edge Fibres 
 EFPI   Extrinsic Fabry–Perot Interferometric 
 ENF   End-Notched Flexure 
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F 
 
 FBG   Fibre Bragg Grating 
FEM   Finite Element Modelling 
 FCB   Flexible Circuit Board 
 FRR   Fresnel Reflection Refractometry 
 FP7   7
th
 Framework Program 
 
G 
 
GFRP   Glass Fibre Reinforced Plastic  
 
I 
 
 IC   Integrated Chip 
IDS   Inter-Digital Sensor 
 IFBG   In-Fibre Bragg Gratings 
ISO   International Standard Organization  
 
 
M 
 
 MUT   Material Under Test 
Micro-CT  Micro Computed Tomography 
MM   Multi-Mode 
MOF   Multi-structured Optical Fibre 
 
N 
 
 NDE   Non-Destructive Evaluation 
 NDT   Non-Destructive Technique 
 
 
O 
 
OF   Optical Fibre 
OFS   Optical Fibre Sensors 
O&M   Operation and Maintenance  
 ORMOCER®   Organic Modified Ceramic 
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P 
  
 PCB   Printed Circuit Board 
 PDL   Polarization Dependent Loss 
PM   Production Monitoring 
 PMMA   Plexiglas 
PM6   Polyamide 6  
POF   Polymer Optical Fibres 
PPS   Polyphenyl Sulphide 
PTFE   Teflon® 
PWG   Polymer Wave-Guide 
 
R 
 
RTM   Resin Transfer Moulding 
 
S 
 
 SBS   Short Beam Shear Strength 
SEM   Scanning Electron Microscope 
SFP   Scanning Fabri-Perot 
SHM   Structural Health Monitoring 
SM   Single-Mode 
SNR   Signal to Noise Ratio 
SOD   Source to Object Distance 
SDD   Source to Detector Distance 
SSC   Self Sensing Composites 
SG   Strain Gauges 
 
T 
 
 TE   Technological Evaluators 
TRL   Technology Readiness Level 
TDS   Technical Data Sheet 
TÜV   Technischer Überwachungsverein 
 
U 
 
 UCS   Ultimate Compressive Strength 
UTS   Ultimate Tensile Strength 
UD   Uni-Directional 
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 UV   Ultra Violet 
 
V 
 
 VARI   Vacuum Assisted Resin Infusion 
VARTM   Vacuum Assisted Resin Transfer Moulding 
VCSEL   Vertical Cavity Surface Emitting Laser 
VIS   Visual onset of delamination 
 
W 
 
 WDM   Wavelength Division Multiplexing 
 
